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ABSTRACT
Shock Attenuation During Heel-Strike, Forefoot-Strike, 
and Spring-Boot Running
by
Jason T. Vance
Dr. John A. Mercer, Examination Committee Chair 
Professor of Kinesiology 
University of Nevada, Las Vegas
During running, the foot’s impact with the ground generates a shock wave that 
propagates up the body and is attenuated before reaching the head. This study 
investigated mechanisms of shock attenuation (SA) during heel-strike (HS), forefoot- 
strike (FFS), and spring-boot (SB) running.
Participants (n=10) ran at 3.83 m s'* while head and leg impact acceleration, SA, 
and ankle and knee energy absorption were recorded and analyzed across the impact 
phase during HS, FFS, and SB conditions.
Shock attenuation and leg acceleration were not different across conditions. Head 
acceleration (HS>FFS=SB), ankle energy absorption (FFS>HS>SB) and knee energy 
absorption (SB>FFS) were different for specific condition comparisons.
Although SA magnitudes as analyzed were not different between conditions, the 
overall characteristics of the shock wave seemed to change. Nevertheless, different SA 
mechanisms were used between conditions as evident by changes in ankle and knee 
energy absorption.
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CHAPTER 1 
INTRODUCTION
During activities such as running, the foot’s impact with the ground results in an 
acceleration of the lower extremity as its vertical velocity approaches zero. The ground 
reaction force resulting from this impact has been hypothesized to be related to running 
overuse injuries specific to the lower extremity (James, Bates, and Ostemig, 1978; 
Hreljac, Marshall, and Hume, 2000). The ground reaction force during impact, however, 
is also comprised of the kinetic trend of all of the segments of the body, comprising the 
body’s center of mass and does not solely represent the forces due to actions of the lower 
extremity. Investigating the lower extremity accelerations due to the forces caused by the 
foot’s impact with the ground may yield greater insight into injury mechanisms. The 
acceleration of the lower extremity at impact generates a shock wave that is propagated 
through the body ultimately reaching the head. During running, nearly 80% of the shock 
is attenuated through passive and active structures between the foot and the head 
(McMahon, Valiant, and Frederick, 1987; Mercer, Vance, Hreljac, and Hamill, 2002).
Earlier research by McMahon et al. (1987) identified how increases in knee 
flexion during stance increased shock attenuation, while a later investigation by Derrick, 
Hamill, and Caldwell (1998) yielded information about how the ankle and knee joints 
contributed to shock attenuation process through energy absorption. While Derrick et at.
1
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(1998) identified possible mechanisms of shock attenuation during heel-strike pattern 
running, there is a paucity of research on shock attenuation during forefoot-strike running 
pattern as well as during running with compliant footwear. It is also not clear how the 
ankle and knee joints contribute to the shock attenuation process during different 
mechanical constraints imposed by forefoot-strike pattern running and running with 
compliant footwear.
Purpose
The purpose of this study is to compare mechanisms of shock attenuation during 
heel-strike pattern, forefoot-strike pattern, and spring-boot running at a velocity of 3.83 
ms*.  The emphasis of the study will be on the roles that the ankle and knee play to 
absorb impact energy. This study will lead to a greater understanding of lower-extremity 
accommodation strategies to compliant running surfaces and varying lower-extremity 
gait kinematic patterns as it relates to the shock attenuation process.
Definitions
Acceleration
Rate of change of velocity; (v, -  Vf) ■ At'^.
Energy
Energy is the amount of work performed.
Joint energy absorbed
Energy absorbed is the integration of the negative joint 
power produced across a period of time; E = UP dt
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Force
A push or pull that tends to cause motion. A force is equal to the product 
of mass and acceleration: F  = m - a
Forefoot-Strike Running Pattern
Running foot-strike pattern where the kinematic 5** -̂metatarsal marker 
achieves a vertical velocity of zero prior to the heel-marker. A foot-strike 
index score above 100.
Ground Reaction Force
Newton’s Third Law of Motion states that every action is opposed by an 
equal and opposite reaction. A ground reaction force is the magnitude of 
force acting back upon the individual/object by the ground.
Heel-Strike Running Pattern
Running foot-strike pattern where the kinematic heel-marker achieves a 
vertical velocity of zero prior to the 5**’-metatarsal marker. A foot-strike 
index score below 50.
Impact Shock Wave
Simple harmonic waves generated by the acceleration of the lower 
extremity as the foot impacts the ground, which transport energy through 
the lower-extremity.
Lower-Extremity
A generalization of the foot, leg, and thigh segments and the 
accompanying joints and musculature.
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Newton’s First Law of Motion
An object in motion remains in motion, and an object at rest remains at 
rest unless a force is acted upon the object. Also known as the Law o f  
Inertia.
Newton’s Second Law of Motion
When a force acts upon an object, the acceleration of the object is 
inversely proportional to the mass of the object; forces cause masses to 
accelerate; F  = m - a . Also known as the Law o f  Acceleration.
Newton’s Third Law of Motion
Every action is opposed by an equal and opposite reaction. Also known as 
the Law o f  Action/Reaction.
Power
The rate at which a force or torque is exerted.
Joint power
The quotient of joint torque and angular velocity: P ^ T -  co
Shock Attenuation
The reduction in magnitude of acceleration recorded from distal to 
proximal points on the body, such as the tibia and the head.
Spring-Boot
Recreational footwear manufactured by Kangoo™, comprised of an in­
line skate style boot with a spring-mechanism attached to the base of the 
boot and functioning as the sole of the footwear.
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Spring-Mechanism
The sole of the Spring-Boot, comprised of two plastic leaves with an 
elastic band spanning the distal ends of the leaves. The leaves are 
compressed during locomotion causing the elastic band to stretch. The 
combined interaction of these components can be classified as a spring.
Torque
A push or pull that tends to cause rotation. Also known as a moment. A  
torque is equal to the product of force and the perpendicular distance of 
the line of application of the force to the point of rotation: T = F  • d± 
Velocity
Rate of change of displacement: (5, - S f )  • A f ^ , where s is position.
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CHAPTER 2
LITERATURE REVIEW 
The purpose of this chapter is to present an overview of previous research that has 
contributed to the development of this thesis. The review of literature will provide; a 
definition for shock attenuation and discuss why shock attenuation is a topic worthy of 
study; identify factors that affect shock attenuation and potential mechanisms that 
contribute to the shock attenuation process; discuss factors that affect lower extremity 
joint kinetics and how the lower extremity interacts with environmental constraints 
during gait; identify the components of shock attenuation and qualify the methodology 
chosen for this thesis research.
Shock Attenuation
A basic definition of shock attenuation is the process o f  reducing the magnitude 
o f acceleration recorded at two points. During activities such as running and landing, the 
impact of the foot with the ground generates a shock wave as the lower-extremity 
accelerates towards a vertical velocity of zero. This shock wave is propagated up the 
kinetic chain, ultimately reaching the head. Investigation of segmental accelerations at 
the tibia and head reveal that this impact shock wave is attenuated between these two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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points of detection (Derrick et al., 1998; McMahon et al., 1987; Mercer, Vance, Hreljac, 
and Hamill, 2002; Vance and Mercer, 2002; Mercer and Vance, 2002).
Why Study Shock Attenuation?
This question may be better addressed by first answering, “why study ground 
reaction forces?” During any activity where the body’s efforts are utilized to oppose the 
forces of gravity, analysis of the ground reaction forces (Newton’s Third Law of Motion: 
every action is opposed by an equal and opposite reaction) is a simple technique to gain 
an understanding of the mechanical demands imposed upon the body. The vertical 
ground reaction force record depicts the kinetic trend of the center of masses of the 
body’s segments, acting upon the ground through the lower-extremity and the foot.
During heel-strike pattern running, the plotted ground reaction force record is usually 
bimodal, demonstrating a first maximum within the first third of stance time, known as an 
'impact peak,' and demonstrating a second peak near 50% of stance time, also known as 
an 'active peak. ’
The magnitude of the impact peak has been a variable of interest in the 
understanding of the etiology of running overuse injuries. The magnitude of this impact 
force is only one factor that may contribute to an overuse injury; the other factor is 
repetition. Changes in the magnitude and repetition of forces on the body have the 
potential to change the structure of the human body. A controlled change of these factors 
may lead to advantageous changes in the body, which is among the techniques and goals 
introduced through training programs. However, when the magnitude or repetitions of 
these forces exceed the body’s ability to functionally adapt, structures within the body
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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may reach a state of injury. James, Bates, and Ostemig (1978) stated that 60% of running 
overuse injuries were associated with training errors. Training errors identified by James 
et al. (1978) included excessive mileage, intense workouts primarily accompanied with a 
change in footwear, a sudden change in the training routine, and changes in running 
terrain and surfaces (e.g. hills, hard ground, etc.). Any of these identified factors effect 
either the repetition of forces or the magnitude of the forces applied to the body.
Amongst these factors, the single factor under the most control by the runner is 
the repetition of forces, or controlling the mileage. The magnitude of forces experienced 
during running may be affected by running velocity (Munroe, Miller, and Fuglevand, 
1987), running surface stiffness (Ferris et al., 1999), compliance of footwear (Vance and 
Mercer, 2001; Mercer and Vance, 2002), and running style (McMahon et al., 1987).
Some of these factors may be altered by the runners during the course of exercise, while 
other factors may not (e.g. choice of shoes). It has even been considered that runners’ 
whose stride-pattems elicit greater magnitudes of impact forces and force loading rate 
have predisposed them for increased risk of overuse injury (Hreljac, Marshall, and Hume, 
2000). Hreljac et al. (2000) investigated running kinematics and kinetics in groups of 
uninjured and previously/continuously injured runners. The injured group demonstrated 
greater impact peak magnitudes and rates of loading during the impact phase as 
compared to the uninjured group. While no study will impose an increase in forces on a 
participant as to elicit an overuse injury, Hreljac’s et al. (2000) findings reinforce the 
hypotheses made by overuse injury models.
Newton’s Second Law states that forces cause masses to accelerate: F = m a.
The forces present at the foot’s impact with the ground causes the segments of the body
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to accelerate. With the majority of running overuse injuries occurring at or below the 
knee (James et al. 1978), it can be inferred that the acceleration of the segments at or 
below the knee may also be related to overuse injuries. So why not just calculate 
acceleration from the recorded ground reactions forces? As stated earlier, ground 
reaction forces represent the kinetic trend of the body’s center of mass; the body’s center 
of mass is comprised of the center of mass, position, and movement of each segment of 
the body. The use of accelerometers can directly measure the acceleration of a chosen 
segment. This procedure may ultimately provide more information about how the forces 
measured at the ground affects different limbs and structures within the body. Measuring 
accelerations at other locations on the body may provide information as to how the body 
transmits accelerations to, and maintains accelerations at other parts of the body, such as 
at the head. The magnitude of these accelerations provide insight into the forces that may 
be acting upon those segments, especially when it may be difficult to measure or 
approximate the forces.
What May Affect Shock Attenuation?
During running, several conditions have been shown to affect shock attenuation. 
Before addressing how running conditions such as running speed, stride-length, lower- 
extremity geometry, and footwear affect shock attenuation, it is important to address how 
these conditions affect components of shock attenuation; tibial and head accelerations.
Acceleration at the Tibia: Running Speed 
As running speed increases, the impact force following the foot’s contact with the 
ground increases (Munro et al., 1987; Vance and Mercer, 2001; Mercer and Vance,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2002). While the ground reaction force record ultimately represents the kinetic trend of 
the body’s center of mass, the impact peak reflects the force required to accelerate the 
lower extremity to a vertical velocity of zero. Newton’s Second Law states that forces 
cause masses to accelerate: F = m a. Thus as impact forces have been shown to 
increase concurrent with running speed, it would be expected that accelerations recorded 
at the tibia would also increase. This has been shown to occur in heel-strike pattern 
running across speed (Clarke, Cooper, Clark, and Hamill, 1985; Mercer et al. 2002; 
Vance and Mercer, 2002). During spring-boot running there is a significant lack of 
impact force peaks, however, loading rate increases as speed increases (Vance and 
Mercer, 2001; Mercer and Vance, 2002). Acceleration of the tibia also increases as 
running speed increases during spring-boot running (Vance and Mercer, 2002).
Acceleration at the Tibia: Running Kinematics 
Increases in stride-length can function to increase running speed. The basic 
components of running speed are stride-length (SL) and stride-frequency (SF): Speed = 
SL SF. Mercer et al. (2002) and Vance and Mercer (2002) reported stride-length 
increased as running speed increased, suggesting stride-length, as well as running speed, 
could either be a determinant of tibial acceleration or a coincidence from non-related 
underlying mechanisms. McMahon et al. (1987) reported a slight increase in step-length, 
defined as the horizontal displacement of the body’s center of mass during the period 
where one foot was in contact with the ground, as running speed increased. Derrick et al. 
(1998) investigated changes in stride-length across a single running velocity of 3.83 m s'
’. The authors tested five stride-length conditions: preferred stride length (PSL), -20% 
PSL, -10% PSL, +10% PSL, and +20% PSL. During running at the fixed velocity.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
subjects exhibited increases in tibial acceleration as stride-length increased; 5.7, 5.9,6.1, 
7.9, 11.3 g, respectively (Derrick et al. 1998).
Changes in running speed and/or stride length may be accomplished by changes 
in the geometry of the lower extremity, both at the time of the foot’s contact with the 
ground, and throughout the stance phase. McMahon et al. (1987) investigated a unique, 
flexed-knee running style described as “Groucho running” for its resemblance to a gait 
style made famous by the comedian Groucho Marx. Accelerations recorded at the tibia 
were of greater magnitude during Groucho miming than during a normal running 
condition. Interestingly, McMahon et al. (1987) reported an increase in step-length by as 
much as 50% during Groucho running as compared to normal miming; however, it is 
unclear whether the authors convention of defining step-length was responsible for this 
difference (e.g. flight phase during normal running versus no or very little flight phase 
during Groucho running).
Increases in the vertical velocity of the heel at impact as running velocity 
increases may also influence impact forces and acceleration recorded at the tibia (Clarke 
et al. 1985). During running with different stride lengths at a set running speed. Derrick 
et al. (1998) observed that vertical velocities of the heel increased with an increase in 
stride-length concurrent with increases in tibial acceleration. Changes in the vertical 
velocity of the heel appears to be a component of both changes in miming speed and 
changes in stride-length during a single running speed.
Clarke et al. (1985) also discussed the contribution of the kinematic changes to an 
“effective mass” theory proposed by Benno Nigg and colleagues (1981,1982; as cited in 
Clarke et al. 1985), which suggests that the effective mass of the lower extremity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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decreases at the foot’s contact with the ground as knee flexion increases. The effective 
mass is relative to the contribution of the entire body’s mass to the forces acting upon the 
ankle and knee joints, thus influenced by knee geometry and, particularly, the knee’s 
position relative to the line of application of the resultant ground reaction force. Clarke et 
al. (1985) concluded that that the 34% increase in shank acceleration combined with the 
extrapolated (Nigg et a l, 1981,1982; as cited in Clarke et a l, 1985) 5% decrease in 
effect mass of the leg per 1.0 m/s increase in running velocity would suggest increased 
forces at the ankle and knee joints concurrent with increased running velocity. This 
theory, though relatively untested, may explain the marked increases in tibial acceleration 
observed by McMahon et al. (1987) during the flexed-knee Groucho running as 
compared to normal running.
Acceleration at the Tibia: Running Surface Compliance 
How is tibial acceleration affected when subjects run with very compliant 
footwear? Previous research investigating compliant running surfaces demonstrated 
reductions in impact peak magnitudes as compared to less compliant surface conditions 
(McMahon and Greene, 1979; Ferris et a l, 1999). Vance and Mercer (2001; Mercer and 
Vance, 2002) investigated running in a novel spring-boot. The authors hypothesized that 
the boots may function similar to a compliant surface investigated by Ferris et al. (1999) 
since both the surface and spring-boots allow for similar vertical displacement during the 
stance phase of running. Vance and Mercer (2001 ; Mercer and Vance, 2002) observed a 
decrease in loading rate, accompanied by a marked reduction in the incidence of impact 
peaks during spring boot running. However, during a later analysis of data recorded on 
the same subjects, magnitudes of tibial acceleration were not different during spring-boot
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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running as compared to normal-shoe running (Vance and Mercer, 2002). Vance and 
Mercer (2002) hypothesized that tibial acceleration would increase through an increase in 
stride-length. While stride-length was demonstrated to increase during spring-boot 
running as compared to normal shoe running, and the stiffness of the spring-boot’s spring 
mechanism was stiffer at it’s initial resting state (e.g. prior to and at impact) than at a 
later point in it’s compression (e.g. during midstance), there was no difference in peak 
magnitudes of tibial acceleration. If these factors had actually provided a means for an 
increase in tibial acceleration, the hypothetical increase could have been offset by the 
lower spring-boot impact loading rates and decrease in incidence of impact peaks (Vance 
and Mercer, 2001; Mercer and Vance, 2002), reducing the force at impact and thus 
decreasing acceleration, and/or the additional increase in mass of the spring-boot over the 
normal running shoe (approximately two kilograms per boot) since acceleration is 
inversely proportional to mass under a given force. Since kinematics were not recorded 
during this experiment, nor were segmental masses approximated through anthropometric 
modeling, the mechanism(s) responsible for the lack of difference in magnitude of tibial 
acceleration between shoe conditions could not be directly identified.
Acceleration at the Head: Running Speed 
The shock wave generated by the foot’s impact with the ground ultimately 
reaches the head. Increases in running speed result in an increase in magnitude of head 
acceleration, yet the increases in head acceleration across velocity, though significant, are 
of little magnitude as compared to the acceleration recorded at the tibia (Mercer et al., 
2002; Vance and Mercer, 2002).
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Acceleration at the Head: Running Kinematics 
Magnitudes of head acceleration increase across increases in stride-length, and, 
similar to increases in running speed, these increases are relatively small in magnitude as 
compared to the tibia accelerations (Derrick et al. 1998). For increases in stride-length 
from -20% to +20% PSL, Derrick et al. (1998) observed a 0.8g increase in head 
acceleration as compared to a 5.6g increase in tibial acceleration across the same range of 
stride-lengths. Similar effects of gait-alteration on head acceleration were observed by 
McMahon et al. (1987). McMahon et al. (1987) reported that individuals running with a 
very flexed knee joint (e.g. ‘Groucho Running’) exhibited decreases in head acceleration 
as compared to less flexed-knee, typical running patterns.
Acceleration at the Head: Running Surface Compliance 
During spring-boot running, magnitudes of head acceleration increase across 
velocity as observed during normal-shoe running (Vance and Mercer, 2002). While the 
use of spring-boots did not change the magnitude of acceleration recorded at the tibia as 
compared to normal-shoe nmning, spring-boot running demonstrated a decrease in the 
magnitude of head acceleration versus normal-shoe running.
Shock Attenuation: Running Speed 
Increases in rurming speeds have been demonstrated to elicit increases in tibial 
acceleration and head acceleration (Clarke et a l, 1985; Mercer, et al. 2002; Shorten and 
Winslow, 1992; Vance and Mercer, 2002). As tibial acceleration increases, and head 
acceleration concomitantly increases, though at a much lower magnitude and rate, shock 
attenuation calculated from the ratios of the head and tibia PSDs has demonstrated that as 
running speed increases, shock attenuation also increases (Shorten and Winslow, 1992;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Mercer et al. 2001; Mercer et al. 2002). This suggests that the body accommodates to the 
increase in mechanical demands associated with an increase in running speed by 
increasing the attenuation of impact shock, thus allowing a relatively constant magnitude 
of acceleration to reach the head (Mercer et al. 2002).
Shock Attenuation: Running Kinematics 
Derrick et al. (1998) Calculated shock attenuation from head and leg PSDs 
revealed significant differences between +20% PSL and -20% PSL, and +20% PSL and 
-10% PSL conditions only; first-order polynomial contrasts revealed a significant linear 
effect of stride-length on shock attenuation (Derrick et al. 1998). McMahon et al. 
reported increased shock attenuation during running in the more-flexed knee gait pattern 
(e.g. ‘Groucho Running’) as compared to the less flexed-knee, typical pattern of running.
Shock Attenuation: Running Surface Compliance 
There exists a paucity of research on the effect of surface compliance on shock 
attenuation. Vance and Mercer (2002) investigated impact shock during spring-boot 
running; however the authors did not calculate shock-attenuation from either the 
magnitudes or PSDs of the head and leg acceleration data. While leg acceleration peak 
magnitudes were not different during spring-boot running, head acceleration peak 
magnitudes were greater during normal shoe running than spring-boot running suggesting 
that subjects attenuated shock differently during spring-boot running. Furthermore, the 
lack of a clear understanding of the effects of spring-boot running on shock attenuation 
necessitates further research to investigate shock attenuation and accommodation 
strategies to running on compliant surfaces.
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Mechanisms of Shock Attenuation 
The body may accommodate and respond to the demands placed upon it. As 
running speed or stride-length increases, or the runner adopts a more-flexed lower- 
extremity during running, the shock wave generated at the foot’s impact with the ground 
increases. A marked change in acceleration is recorded at the tibia, yet relatively small 
changes in acceleration are experienced at the head across changes in running speed and 
kinematics. Attenuating the shock wave between the two points of detection are passive 
and active mechanisms.
Passive Mechanisms of Shock Attenuation 
Passive mechanisms of shock attenuation may include bone, calcaneal fat pad, 
cartilage, synovium, vertebra and vertebral discs, and visceral organs. Should any of 
these structures be removed from the body, it would appear logical that they may 
attenuate the same magnitude and/or frequencies of shock as they would while in the 
body. These mechanisms rely solely on the mechanical properties of the tissues that 
comprise the structures.
Other passive mechanisms that play undetermined roles in shock attenuation 
include running surface and footwear compliance. Previous research has demonstrated 
that compliant running surfaces reduce impact forces (McMahon and Greene, 1979; 
Ferris et a l,  1999), and very compliant footwear significantly reduces the incidence of an 
impact peak (Vance and Mercer, 2001; Mercer and Vance, 2002). From these results, it 
seems that the shock wave generated at impact would be of less magnitude prior to being 
recorded at the tibia. This may not always be the case as Gross and Nelson (1988) 
observed no differences in acceleration recorded at the calcaneus between aluminum.
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rubber, and foam surface conditions; also, no differences where observed in tibial 
acceleration across surface conditions. When running in very compliant footwear, no 
differences in tibial acceleration were observed as compared to rurming in normal 
running shoes (Vance and Mercer, 2002). While subjects performing a vertical landing 
task are more apt to use a forefoot-strike landing pattern, and spring-boot running does 
not have a distinction between heel-strike or forefoot-strike landing strategies, it is not 
clear if the results observed by Gross and Nelson (1988) and Vance and Mercer (2002) 
are representative of compliant surface/footwear characteristics (e.g. surface/footwear 
does not attenuate impact shock wave). It is also not clear if the results are due to subject 
interaction/accommodation to the surface or footwear (e.g. active mechanism of shock 
attenuation).
Active Mechanisms of Shock Attenuation 
Active mechanisms of shock attenuation include musculotendonous units (e.g., 
not differentiating between muscular force and the tendon which applies this force to the 
bone), joints, and lower-extremity geometry. These mechanisms are not at all separate, 
nor do they clearly define all possible active mechanisms. Musculotendonous units 
generate force, which creates a moment about a joint. The angular positions of the joints 
comprise the geometry of the lower extremity prior to, at, and after the foot's impact with 
the ground. The geometry of the lower extremity, especially the position of the knee 
joint relative to the resultant ground reaction force, may influence how shock is 
transmitted up the lower-extremity (Derrick et al. 1998).
Force generated through muscular contraction acts about its complimentary joint. 
The kinetics of the ankle and knee joints, in an effort to maintain the vertical position of
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the body’s center of mass as it is influenced by gravity, have a great potential to alter the 
attenuation of the impact shock wave. McMahon et al. (1987) observed that a running 
pattern with exaggerated knee flexion (e.g., 'Groucho Running’), which elicited a greater 
metabolic cost than a normal running gait, also reduced the transmission of impact shock 
to the head. In an investigation of running at a given speed and altering stride-lengths. 
Derrick et al. (1998) observed a transition from an ankle and knee joint strategy for 
absorbing energy at stride-lengths less than the preferred stride-length to the knee joint 
acting as the dominant energy absorber at stride-lengths greater than the preferred stride- 
length. How the forces acting about the joints of the lower-extremity affect the shock- 
attenuation process will be further explained in the following section.
Joint Kinetics
Muscle produces force, a pull between the distal and proximal ends, through 
isometric, concentric, and eccentric contractions. These forces act upon bones, and the 
product of this force and the muscle-joint moment-arm length is a joint moment. A 
moment (torque) is the measure of the tendency of a force to cause rotation (citation) and 
is calculated as the product of magnitude of force and moment arm {T = Fdx). Moments 
about the joints, in turn, allow forces to be applied through the bone to other bones and/or 
the environment, and may cause a change in angular position of the joint. The product of 
the magnitude of the joint moment (T) and the joint angular velocity (cy) is joint power {P 
= Tw). The integration of the joint power across time yields the amount of energy 
absorbed or generated about the joint. E = LP dt. The variables of interest in the present 
experiment are joint energy absorption about the ankle and knee. To understand joint
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energy absorption, the components of joint energy absorption, including joint moments 
and powers, must also be reviewed.
Joint moments can be calculated through measuring muscle forces and muscle- 
joint moment-arm lengths, or can be estimated through inverse-dynamics by measuring 
external forces and kinematics. Measurement of muscle forces may require invasive 
procedures such as tendon-mounted force-transducers. Muscle-to-joint moment arm 
lengths can be measured through x-ray imaging, however, many x-rays may be required 
as the moment-arm length may change at different joint positions. Furthermore, different 
muscles may act across the same joint and contribute to producing the joint-moment.
Calculating joint moments during running or landing is often performed using 
inverse-dynamics (Mann, 1981; Devita and Skelly, 1992; Stefanyshyn and Nigg, 1998; 
Derrick et a l,  1998; Arampatzis, Bruggemann, and Metzler, 1999; Kuitunen, Komi, and 
Kyrolainen, 2002). This method uses ground reaction forces recorded from a force 
platform and limb geometry recorded from a video/kinematic record to determine joint 
reaction forces and moment arms to calculate the moments at the joints. One benefit of 
this method is that it is non-invasive and measurements required for calculation can be 
obtained relatively easily; this is beneficial to investigators and subjects. A downfall is 
that inverse-dynamics is only an estimate. Calculations necessary to determine joint 
moments require anthropometric models (e.g. Dempster, as cited by Winter, 1979), which 
assume subjects’ anthropometry is similar to the population on which the model was 
based, to approximate the position of each limb’s center of mass based on limb-length, 
and approximate the mass of each limb based on the subject’s mass.
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Moments generated about the joints of the lower extremity react to changes in the 
mechanical stresses placed upon the body during running. Simpson and Bates (1990) 
investigated moments at the ankle, knee, and hip joints at different running velocities 
(3.06,3.57,4.09, and 4.60 m/s) in four subjects who used a heel-strike running pattern. 
Trends that were observed in joint moments were a plantar flexor moment about the 
ankle throughout the entire phase of stance, a knee-flexor moment during the initial phase 
of gait (e.g. impact phase) followed by a knee extensor moment through the end of the 
stance phase, and a hip extensor moment during the first 75-80% of stance followed by a 
hip flexor moment through the end of stance phase.
Interestingly, Simpson and Bates (1990) report that two of their four subjects 
demonstrated a brief, low magnitude dorsiflexor moment about the ankle during the 
initial impact phase of stance. Three of the four subjects demonstrated bimodal plantar 
flexor trend. A first-maximum plantar flexor moment was observed during the first 15% 
of stance phase in these three subjects, while the second-maximum, and absolute 
maximum moment, was observed at 51-53% of stance in all four subjects.
The authors described the initial flexor moment observed at the knee as being 
concentric. This may suggest that the subjects had not yet initiated efforts to resist the 
downward trend in vertical position of their center-of-mass (Simpson and Bates, 1990). 
This may also be the result of the extensor moment about the hip. The trend in hip joint 
moment is also bimodal, and the first-maximum was observed at 11-12% of stance, 
compared to the knee flexor maximum occurring at 13-14% of stance. This was knee 
flexor moment was hypothesized to function to reduce impact force magnitude and aid 
the hip extensors in the effort to reduce the horizontal velocity of the foot due to the
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swing phase at impact. Simpson and Bates (1990) report within-subject variability in the 
hip moment patterns during the first 25% of stance, and a consistent concentric pattern 
through the rest of the hip extensor moment.
As running velocity increase, Simpson and Bates (1990) observed increases in 
joint moment magnitudes. The hip responded the greatest to the changes in running 
velocity, averaging a 59.0% change across all dependent parameters as speed increased, 
as compared to the knee (27.1%) and the ankle (25.0%). The authors also reported that 
only 44% of the comparisons across velocity were significant, and 67.7% of these 
significant comparisons were not between consecutive velocities. Nonetheless, the trends 
observed demonstrate that the mechanical demands of the joints of the lower extremity 
increase concurrent with an increase in velocity.
An investigation of forefoot-strike pattern running during sprinting yielded 
similar trends as observed during heel-strike pattern running (Mann, 1981; Simpson and 
Bates, 1990). Mann (1981) investigated joint moments in fifteen skilled sprinters, with 
experience ranging from collegiate to world-class. Subjects were allowed 40m to achieve 
a maximum velocity prior to the filming/recording area. During forefoot-strike sprinting, 
the ankle joint generated a plantar flexor moment during the stance phase, the knee joint 
generated a flexor moment during the initial portion of stance and an extensor moment 
during the latter portion of stance phase, and the hip joint demonstrated an extensor 
moment during the initial portion of stance and a flexor moment during the latter portion 
of stance phase.
Aside from the differences in tested velocities and foot-strike patterns between the 
studies by Mann (1981) and Simpson and Bates (1990), several other differences exist
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between the methodology and results between studies. First, Simpson and Bates (1990) 
presented the joint moment values in Newton-meters normalized to the product of subject 
height and mass: Mj = N-m / kg-ht; Mann (1981) reported their data graphically in 
Newton-meters and extensor and flexor moment magnitudes have to approximated from 
the plotted data. Second, Simpson and Bates (1990) recorded joint moments using 
inverse-dynamics only during the stance phase; Mann (1981) used inverse-dynamics 
during the stance phase and swing phase. Third, while the ankle and knee joint moment 
patterns are similar between the foot-strike patterns observed in the two studies, the hip 
joint moment patterns were distinctly different.
Simpson and Bates (1990) observed a hip extensor moment that was present 
through 80% of the stance phase, and the hip flexor moment magnitude was 25% of the 
extensor moment magnitude. Mann (1981) observed a hip extensor moment that was 
present during approximately the first one-third of stance, followed by a flexor moment 
during the last two-thirds of stance phase. Additionally, the approximate magnitudes of 
the hip flexor moments appear within 70-80% of the magnitudes of the hip extensor 
moments (Mann, 1981). Simpson and Bates (1990) suggest the hip extensor moments 
functioned to reduce the braking velocity of the foot at impact and to reduce impact 
shock. Similarly, Mann (1981) address the hip extensor moment with respect to reducing 
the braking forces during the initial portion of stance. They further suggest the hip flexor 
moments are related to the rotation of the trunk as the body nears flight phase (Mann, 
1981). Simpson and Bates (1990) reported not observing significant changes in trunk 
inclination to suggest this as a result of a hip flexor moment, but it is unclear whether
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similarities in these areas should be expected, either as a consequence to the difference in 
running velocity, or due to the foot-strike pattern.
Derrick et al. (1998) investigated energy absorption about the ankle, knee, and hip 
joints concurrent with shock-attenuation during running at a set velocity using different 
stride-lengths. The authors used methods that have been illustrated earlier in this section, 
calculation of joint-powers from joint-moments using inverse-dynamics, then integrating 
the joint-power curve to calculate joint energy-absorption. This study, in particular, 
provides much guidance, in theory and methodology, in the formation of this proposed 
thesis research. Participants ran at a velocity of 3.83 m/s during five stride-length 
conditions; preferred stride-length, plus and minus 10% preferred stride-length, and plus 
and minus 20% preferred stride-length (Derrick et al. 1998).
The authors found similar trends in joint moments about the ankle, knee, and hip 
joints. At the hip, an extensor moment ranging from 2 to 2.5 N-m per kilogram 
bodyweight was observed during the first 60% of stance followed by a flexor moment 
ranging from 0.5 to 1 N-m/kg during the latter 40% of stance across the stride-length 
conditions. At the knee, a small-magnitude flexor moment (less than 0.5 N-m/kg) is 
observed during the first 10-15% of stance followed by an extensor moment throughout 
the rest of stance, ranging between 2 to 3 N-m/kg across stride-lengths. At the ankle, an 
extensor moment is observed throughout the stance phase, ranging from 2.5 to 3.25 
N-m/kg across stride lengths (Derrick et al. 1998). These trends in joint moments are 
similar to those observed by Simpson and Bates (1990) and Mann (1981).
Derrick et al. (1998) were specifically interested in joint kinetics as it related to 
shock attenuation. Because peak tibia and head accelerations often occur early in stance.
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as they relate to the shock-wave generated upon the foot’s impact with the ground and the 
sudden acceleration of the lower-extremity, joint energy absorbed were only calculated 
during the impact phase. The impact phase of stance was defined to be twice the time to 
the first-force (impact) peak of the ground reaction force record. A peak hip extensor 
moment occurred during the first half of the impact phase; the greatest value was 
observed during the +20% of preferred stride length condition. The knee joint exhibited 
a slight flexor moment during the first half of the impact phase, followed by an extensor 
moment during the second half of the impact phase. The ankle joint moments were near 
zero during the first half of the impact phase, followed by an extensor (plantar flexor) 
moment during the second half of the impact phase. Derrick et al. (1998) reported 
greater extensor moments at the knee and ankle joints during the greater stride-length 
conditions.
Interpretation of the joint-power curves reveals concentric (positive) joint-powers 
at the knee during the first 10-15% of stance, followed by eccentric (negative) power up 
to about 45% of stance, and concentric (positive) power from 45% through about 90% of 
stance where the knee joint ceases to exhibit a marked power magnitude. During the first 
15% of stance at the ankle, joint power appears to transition from eccentric to concentric 
(plantar-flexor), followed by eccentric power from 15% to 56-59% of stance, and 
concentric power through the remainder of the stance phase (Derrick et al. 1998). 
Integration of these power curves during the impact phase to calculate net energy 
absorption at the knee and ankle reveal increases in energy absorption at the knee (1.3, 
1.5, 2.2,2.7, and 3.1 J/kg respectively) and at the ankle (1.5, 1.5,2.0,2.1, 2.4 J/kg 
respectively) as stride-lengths increased. Derrick et al. (1998) conclude the ankle and
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knee were the main contributors to shock-attenuation at stride-lengths less than preferred 
stride-length, and the knee joint was the dominant shock-attenuator at stride-lengths 
above the preferred stride-length. The hip also responded to increase in energy 
absorption across an increase in stride-length (0.1 to 1.2 J/kg respectively), however, 
these magnitudes were less than those observed at the knee and ankle, and the hip joint 
was not considered a primary contributor to shock-attenuation.
The increase in mechanical demand placed on the body during the impact phase 
as stride-lengths increased during running at the 3.83 m/s velocity is evident in the 
amount of energy-absorbed at the ankle and knee joints. A 0.6 g increase in head 
acceleration is observed despite a 5.4 g increase in tibial acceleration with an increase in 
stride-length, in part due to the contribution of the ankle and knee joint (Derrick et al.
1998). Of concern, however, is the decrement in contribution of the ankle joint as the 
mechanical demands on the body increase. This is important to discuss since it would be 
intuitive to suggest the ankle would experience an increase in mechanical demand when 
an individual uses a forefoot-strike running pattern as compared to a heel-strike running 
pattern. It can be questioned whether the limits of mechanical contribution of the ankle 
to energy absorption were reached during the stride-lengths greater than preferred stride- 
length, and whether the performance of a forefoot-strike landing pattern may also reach 
and/or exceed such limits, if they exist.
It is also necessary to discern what interaction may occur between the ankle and 
knee joints with respect to meeting these mechanical demands. Is the transition to the 
knee joint as a dominant energy absorber indicative of the knee compensating for the 
ankle as the ankle reaches a functional limit to contribute to energy absorption, and how
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might the knee be affected by constraining the actions of the ankle through the stiff, boot- 
structure of the spring-boot? The latter part of this question may remain a mystery until 
the completion of this proposed research, however, research comparing the moments at 
the ankle joint between runners and sprinters may provide some insight into the 
mechanical limitations of the ankle.
Stefanyshyn and Nigg (1998) investigated ankle joint moments in five 
competitive distance runners and five competitive sprinters. The competitive runners ran 
at a velocity of 4.0 m/s, and the sprinters ran at velocities ranging from 7.1 to 8.4 m/s. 
While the authors did not identify the foot-strike patterns of the respective groups, the 
kinematic analysis of the ankle joint appears to confirm how the groups landed. The 
runners contacted the ground with the foot at zero degrees of plantar/dorsiflexion then 
plantar flexed through about 10% of the stance phase. This appears consistent with the 
foot impacted the ground with the heel followed by the rest of the foot’s sole contacting 
the ground (e.g. brief plantarflexion). From 10% through about 60% of stance, the foot is 
dorsifiexing, and after 60%, the foot plantar flexes through toe-off. The sprinters 
contacted the ground with about 10 degrees of plantarflexion, indicative of a non-heel 
contact. From the point of ground contact, the ankle is dorsifiexing through 50% of 
stance, followed by plantar flexion through toe-off. Peak dorsiflexion was greater during 
the heel-strike pattern exhibited by the runners, however peak plantarflexion was greater 
during the forefoot-strike pattern exhibited by the sprinters (Stefanyshyn and Nigg,
1998).
Ankle joint moments during running and sprinting exhibited plantarflexor 
moments throughout the stance phase of both gait patterns. The ankle moment during
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running was negligible during about the first 10% of stance, corresponding with the brief 
plantarflexion observed after ground contact. Peak plantarflexor moments during 
sprinting ranged from 300 to 350 N.m, as compared to 200 to 250 N*m during running 
(Stefanyshyn and Nigg, 1998).
Stefanyshyn and Nigg also investigated joint stiffness, calculated from their joint 
position and moment data. Ankle stiffness during sprinting was greater than that during 
submaximal running. From this joint moment and stiffness data, it appears the ankle is 
capable of responding to mechanical demands in excess of those experienced during heel- 
strike pattern running. This inference may be partially flawed as Stefanyshyn and Nigg’s 
research is a between-subject design, and the sprinters in this study could have an 
anthropomorphic and physical predisposition to elicit greater joint moments and stiffness 
than if the runners had performed the sprinting task. However, it still may not be logical 
to dismiss the notion that limitations in the mechanical capabilities of the ankle joint 
contributed to the transition to a knee-dominant energy absorption strategy used by the 
individuals investigated by Derrick et al. (1998).
Kuitunen, Komi, and Kyrolainen (2002) also provide insight into forefoot strike 
landing patterns. The authors investigated joint kinetics and torsional stiffness of the 
ankle and knee joints during forefoot-strike running at 70, 80, 90, and 100% of their 
maximum sprint velocity (9.23 to 10.26 m/s). Interestingly, the moment generated at the 
ankle joint did not change as sprinting velocity increased, and the peak magnitudes were 
50 to 100 N less than those observed by Stefanyshyn and Nigg (1998). The moment 
generated at the knee joint was greater during the 70% velocity condition, decreasing as 
running velocity increased. The analysis of the torsional stiffness of these joints revealed
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that the ankle stiffness did not change across velocity, and the magnitude of the ankle 
stiffness was similar to the values observed by Stefanyshyn and Nigg (1998); the 
torsional stiffness at the knee joint increased as velocity increased (Kuitunen et al. 2002).
Kuitunen et al. (2002) suggest a possible reason contributing to the differences in 
their’s and Stefanyshyn and Nigg’s research to include controlling the acceleration of the 
participant. Kuitunen et al. (2002) cite that they controlled sprinting velocity across the 
measurement area of their runway while Stefanyshyn and Nigg (1998) allowed 
participants to continue to accelerate. The discrepancy in ankle joint moments between 
the two studies continues to add to the uncertainty of what would be expected when 
individuals use a forefoot-strike running pattern at velocities much lower than those 
observed during sprint-like activities.
Arampatzis, Bruggemann, and Metzler (1999) investigated ankle and knee joint 
kinetics during running at velocities (condition number) of 2.5 (1), 3.5 (2), 4.5 (3), 5.5 
(4), and 6.5 m/s (5) in thirteen runners. For peak ankle moments, condition 4 was greater 
than condition 1, and condition 5 was greater than conditions 1 and 2. For peak knee 
moments, conditions 2, 3,4, 5, and 6 were greater than condition 1, and condition 5 was 
greater than condition 2. For peak ankle joint power as the ankle elicits a plantarflexor 
moment, conditions 4 and 5 were greater than condition 1, and condition 5 was greater 
than condition 1,2, and 3. For peak knee joint power as the knee elicits an extensor 
moment, conditions 3,4, and 5 were greater than condition 1 (Arampatzis et al. 1999). 
For these variables, there appears to be a trend for the respective magnitudes to increase 
as velocity increased.
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Peak extensor moments at the knee and plantarflexor moments at the ankle were 
similar in magnitude to those observed by Derrick et al. (1998) when comparing similar 
velocities. Arampatzis et al. (1999) discuss that the general joint moment pattern at the 
ankle and knee joints were similar to those reported by Stefanyshyn and Nigg (1998). 
Changes in velocity also elicited greater changes in knee joint torsional stiffness than 
ankle joint torsional stiffness. Knee joint stiffness increased as running velocity 
increased while there were no significant differences between ankle joint stiffness across 
velocity (Arampatzis et al. 1999). The values reported by Arampatzis et al. (1999) were 
more than two times the magnitude reported by Stefanyshyn and Nigg (1998) and 
Kuitunen et al. (2002), for either running or sprinting. Additionally, knee torsional 
stiffness was greater than ankle torsional stiffness during all sprint velocities reported by 
Kuitunen et al. (2002); however, Arampatzis et al. (1999) report that ankle stiffness was 
greater than knee stiffness at all velocities, except at 6.5 m/s. These differences between 
studies could very likely be due to differences in tested velocities, as well as differences 
in the foot-strike pattern used by the respective participants. Investigating foot-strike 
conditions across a single velocity could provide insight into the source of the differences 
reported between these studies.
Lower Extremity Interactions 
During running, the vertical displacement of the body’s center of mass can be 
described as simple, oscillatory motion. During flight phase, gravity dictates the vertical 
motion of the center of mass as it effectively is a projectile. As the center of mass 
descends and the foot makes contact with the ground, the lower-extremity acts to resist
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the effects of gravity and change the direction of the downward-moving center of mass. 
The efforts of the lower extremity acting to resist the forces due to gravity can be 
modeled as a simple, linear Hoekean spring, where force is the product of the spring 
coefficient and displacement: F  = k<K. The modeled stiffness of the lower extremity is 
not a dependent variable of interest in this proposed research; however, the literature 
detailing lower-extremity spring modeling offers insight into how the body 
accommodates to changes in surface, velocity, and stride-length, and how the body may 
interact to the proposed running conditions.
Ferris et al. (1999) investigated running across a transition in surface stiffness.
The authors recorded the last step on a soft surface prior to transition, and the first step on 
a stiff surface after the transition. The procedure was the same for stiff-to-soft 
transitions, and soft-to-soft and stiff-to-stiff conditions. Ferris et al. (1999) hypothesized 
that individuals would accommodate to this transition, and they modeled the predicted 
outcomes if the lower-extremity stiffness was incorrectly chosen for the respective 
transition. The models predicted that the participants would experience an abrupt upward 
translation of the center of mass if they incorrectly used a lower-extremity stiffness 
correct for a soft surface after transitioning to a stiff surface. Conversely, if the 
participants used a lower-extremity stiffness correct for a stiff surface after transitioning 
to a soft surface, they would experience an abrupt downward translation of the center of 
mass.
Ferris et al. (1999) observed that subjects adjusted their lower-extremity stiffness 
appropriately to the changing surface stiffiiess. On the soft surface, participants used a 
stiff lower-extremity. On a stiff surface, the subjects used a compliant lower-extremity.
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Interestingly, when the displacements of the surface and lower-extremity were modeled 
as a single linear spring, the stiffness’ modeled from the soft and stiff conditions were 
similar. Also, the oscillation of the vertical position of the center of mass and stance 
contact time was maintained between surface conditions and transitions (Ferris et al.
1999).
Stance contact time in the Ferris et al. (1999) study was indicative of the 
accommodation to the surface stiffness. If the participants had changed their lower- 
extremity stiffness on a surface that was of a constant stiffness, a compliant lower- 
extremity would elicit a greater stance contact time than a stiff lower-extremity 
(McMahon et al. 1987). Likewise, if the participants tested by Ferris et al. (1999) had 
not changed their lower-extremity stiffness as the surface stiffness changed, stance 
contact time would have changed similar to that observed by McMahon et al. (1987). 
Stance contact time also does not change during Spring-Boot running as compared to 
normal shoe running (Vance and Mercer, 2001; Mercer and Vance, 2002). While Vance 
and Mercer (2001; Mercer and Vance, 2002) did not investigate or model stiffness 
parameters during this study, it was suggested that participants adjusted their lower- 
extremity stiffness to the Spring-Boots based on stance contact time remaining constant 
between shoe conditions. The significance of the lower-extremity interaction to shoe 
and/or surface compliance is that a stiff lower-extremity is associated with greater impact 
shock transmission to the head as compared to a compliant lower-extremity (McMahon, 
etal. 1987).
Arampatzis et al. (1999) investigated different methods of calculating lower- 
extremity stiffness along with the previously mentioned dependent variables, ankle and
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knee joint moments and torsional stiffness. Leg-stiffhess (kieg), as defined by McMahon 
and Greene (1979), utilizes a modification of the simple Hoekean spring equation, 
estimating the linear compression of the lower-extremity, as compared to vertical 
stiffness (kyen) measuring just the vertical displacement of the center of mass. The 
representation of kieg through McMahon and Greene’s (1979) methods has been 
demonstrated to be relatively constant for an individual across changes in running 
velocity (McMahon and Cheng, 1990; Heiss and Martin, 1998). These authors all 
approximated the displacement of the vertical position of the center of mass and the 
deformation of the leg using the 2”'̂  integration of the vertical ground reaction force 
record. Arampatzis et al. (1999) compared calculations of kieg between using the 
methods introduced by McMahon and Greene (1979) and methods using kinematics to 
measure the deformation of the lower-extremity and the vertical displacement of the 
center of mass. Arampatzis et al. (1999) reported that their results using McMahon and 
Greene’s (1979) methods were constant across velocity as previously reported by 
McMahon and Cheng (1990) and Heise and Martin (1998); however, when calculating 
kieg through kinematic methods, kieg increased across velocity similar to kven-
These results reported by Arampatzis et al. (1999) provided two major findings. 
First, the methods used to model the stiffiiess of the lower-extremity may certainly effect 
how one parameter responds to changes in velocity. And second, kvert and the kinematic- 
method k^g increase across running velocity concurrent with a marked change in 
torsional knee stiffness. Arampatzis et al. (1999) suggest that the knee joint stiffiiess 
contributed greater to the stiffness of the lower-extremity as compared to the ankle joint 
stiffness. This substantiates the trends in energy absorption by the ankle and knee joints
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during running at different stride-lengths (Derrick et al. 1998). The human bodies 
respond to increases in the mechanical demand from the conditions imposed during the 
respective experiments; it would appear that the locus of accommodation to this 
mechanical demand occurs about the knee joint (Derrick et al. 1998; Arampatzis et al.
1999).
The lack of congruence between the methods of calculating kieg across running 
velocities only illustrates the limitations of the models used by researchers. While there 
may exist a disagreement between various studies, most rooted amongst differences in 
methodology, the prevailing trend is that the lower-extremity responds to constraints 
imposed by the environment and alterations in running patterns. From this research, it 
has been suggested (Vance and Mercer, 2001; Mercer and Vance, 2002), and can 
continue to be hypothesized that the lower-extremity will respond running in Spring- 
Boots. The hypothesized increase in lower-extremity stiffness from interaction with the 
Spring-Boot may be manifested primarily at the knee joint. It is also hypothesized that 
the rigid structure of the boot and ankle-cuff will limit actions about the ankle joint, 
further recruiting the knee joint’s contribution to the lower-extremity accommodation.
It is not clear, however, how the knee may respond to a forefoot-strike pattern. 
One possibility is that the knee may respond similar to the hypothesized strategy during 
Spring-Boot running. For this to occur, the vertical compliancy offered by the ankle joint 
from ground contact through peak dorsiflexion (Stefanyshyn and Nigg, 1998) would be 
similar to that offered by the Spring-Boot (Vance and Mercer, 2001 ; Mercer and Vance, 
2002) and Ferris et al. (1999). If the lower-extremity (above the ankle joint) responds to 
the contribution of the compliant ankle joint, then the knee joint should effectively
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function to stiffen the lower-extremity. Thus, from this possibility, the ankle’s function 
may act similar to the compliant Spring-Boot and running surface, and the knee interacts 
inverse to this compliancy.
Methods of Measuring Shock Attenuation
The study of impact shock attenuation has utilized varying techniques of 
measurement. The primary tool of shock detection is the use of an accelerometer, usually 
mounted as distally as possible on the subjected lower-extremity. In a study investigating 
the role of the ankle joint in shock attenuation during a landing activity. Gross and 
Nelson (1988) instrumented subjects with an accelerometer glued to the skin at the 
medial aspect of the calcaneus. This accelerometer immediately measured the shock 
wave generated as the foot impacted the ground. The authors glued a second 
accelerometer to the anteromedial aspect of the tibia. Shock attenuation was calculated 
as the ratio of the magnitudes of acceleration recorded at the calcaneus and the tibia.
Mizrahi, Verbitsky, and Isakov (2000) investigated shock attenuation during level 
and downhill running. Their techniques were designed around their secondary interest in 
the metabolic cost of running. The authors affixed accelerometers to the tibial tuberosity 
and the sacrum of each subject using an elastic belt. Mizrahi et al. (2000) were able to 
limit their investigation of shock attenuation only to mechanisms about the lower- 
extremity, as it related to the metabolic cost of running on the level and downhill 
surfaces.
The shock wave generated at impact, however, does not stop after the proximal 
point of detection. While Gross and Nelson (1988) and Mizrahi et al. (2000) were
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interested in shock attenuation at discrete joints, segments, and/or sections of the body, 
other investigations were interested in how the body, in general, attenuates impact shock 
as it is experienced at the head. McMahon et al. (1987) and Shorten and Winslow (1992) 
measured impact shock using a skin-mounted accelerometer mounted to the tibia, and 
measured head shock using an accelerometer mounted to a bite-bar clenched between a 
subject’s teeth.
Recent studies investigating impact shock attenuation between the tibia and the 
head have mounted an accelerometer to the distal, anteromedial aspect of the tibia 
(Shorten and Winslow, 1992; Derrick et al., 1998; Mercer et al., 2002; Vance and 
Mercer, 2002). This is an area that has a relatively flat, boney surface and very little 
subcutaneous fat. Also, movement artifact due to soleus-gastrocnemius activity is 
minimized since the strap affixing the accelerometer passes over the Achiles tendon and 
not portions of the soleus or gastrocnemius that would change diameter due to muscular 
contraction. It has been suggested, however, that a surface mounted accelerometer is not 
acceptable for quantifying the shock wave transmitted through the tibia, as compared to a 
bone-mounted accelerometer (Lafortune, Henning, and Valiant, 1995). Lafortune et al. 
(1995) suggests that the acceleration data transformed to the frequency domain, via a fast 
Fourier transformation, provides similarity between the surface-mounted and bone- 
mounted accelerometers; these results are favorable to an otherwise invasive, expensive, 
and time consuming medical procedure of affixing a bone-screw in a subject’s tibia.
While McMahon et al. (1987) and Shorten and Winslow (1992) utilized a bite-bar 
clenched between the subject’s teeth to record head accelerations, other investigations 
mounted an accelerometer directly to the subject’s forehead. Derrick et al. (1998) used
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an elastic strap to affix the accelerometer, while Mercer et al. (2002) and Vance and 
Mercer (2002) mounted the accelerometer on a plastic headgear then secured the 
headgear to the subject’s head, orientating the accelerometer over the forehead with the 
sensitive axis aligned vertically. One reason for mounting the accelerometer to the head 
rather than using a bite-bar is to eliminate any artifact due to inadvertent movement of the 
subject’s jaw. However, one limitation to using the forehead-mounted accelerometer is 
that it is not as a direct attachment as the bite-bar mounted accelerometer (Derrick et al. 
1998).
While there exists various conventions of mounting accelerometers to record 
accelerations, there also exist various methods of calculating shock attenuation from the 
recorded data. One method is to calculate the ratio of magnitudes of acceleration 
recorded at the head and at the tibia. Gross and Nelson (1988) used this method and 
calculated shock attenuation (SA) from the corrected acceleration magnitudes though the 
formula, SA = (1 -  (tibia acceleration /  calcaneus acceleration)) 100, which provided a 
value of shock attenuation in percent. McMahon et al. (1987) used a similar calculation, 
(head acceleration /  tibia acceleration) 100, to quantify shock transmission in percent; 
100 minus the shock transmission value would calculate the percentage of shock 
attenuated.
Another method of calculating shock attenuation is to transform the respective 
acceleration data to the frequency domain using a fast Fourier transformation; this 
transformation yields the power spectral density (PSD) of acceleration data. A transfer 
function is then used to calculate the ratio of head to tibia PSD during each of 1 FIz 
frequency bins from 1 to 500 Hz; SA = 10 logio(PSDhea/PSDteg). This calculation yields
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shock attenuation in units of decibels and further analysis of the data often included 
averaging the shock attenuation over a frequency range (e.g. 10 to 20 Hz). This method 
of calculation of shock attenuation has been used by Shorten and Winslow (1992), 
Derrick et al. (1998), and Mercer et al. (2002); Mizrahi et al. (2000) also used this 
transfer function, but used tibia and sacrum acceleration PSD instead of tibia and head 
acceleration PSD. The calculation of shock attenuation from the acceleration PSDs 
agrees with Lafortune’s et al. (1995) conclusion that surface-mounted accelerometers at 
the tibia may produce similar data in the frequency domain as compared to bone-mounted 
accelerometers.
For the purposes of this study, an accelerometer will be mounted to the distal 
anteromedial aspect of the tibia with its sensitive axis aligned vertically, and securely 
fastened with an elasticized Velcro™ strap. An accelerometer will be fastened to a 
plastic headgear and the headgear will be mounted to the subject’s head such that the 
accelerometer will be positioned in front of the forehead with its sensitive axis aligned 
vertically. Magnitudes of acceleration at the tibia and the head will be reported in units 
of gravity, and shock attenuation will be calculated through a transfer function, as 
previously illustrated.
Summary
During running, the foot’s impact with the ground generates a shock wave that is 
propagated up the body, ultimately reaching the head. This impact shock wave results 
from ground reaction impact forces causing the masses of the body’s many segments to 
accelerate. Previous research has identified the magnitude of the impact force as a
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possible mechanism of overuse injuries (Hreljac, Marshall and Hume, 2000).
Researchers have investigated the magnitude of the impact shock wave at various 
locations on the body to understand the contribution of the passive and active 
mechanisms that function to reduce, or attenuate the impact magnitude between the foot 
and head (Gross and Nelson, 1988; Mizrahi et a l, 2000; Shorten and Winslow, 1992; 
Derrick et a l, 1998; Mercer et a l, 2001; Vance and Mercer, 2002; McMahon et a l,
1987; Lafortune et a l,  1995).
Much of the research on shock attenuation has focused on the heel-strike running 
pattern, investigating magnitudes and frequency content of accelerations recorded at the 
tibia and at the head (Derrick et a l, 1998; Mercer et a l, 2002; Shorten and Winslow, 
1992). During heel-strike pattern running, shock attenuation increases as running speed 
increases (Mercer et a l, 2002). This is accomplished through a marked increase in tibial 
acceleration across an increase in speed; however, increases in head acceleration, though 
significant, are of much less magnitude than that observed at the tibia (Mercer et a l, 
2002).
Vance and Mercer (2002) investigated accelerations of the tibia and head during 
running in a novel spring-boot versus a traditional running shoe. Tibial and head 
accelerations increased as running velocity increased during both spring-boot running and 
heel-strike running in traditional running shoes. Interestingly, the spring-mechanism of 
the spring-boot did not reduce the magnitude of tibial acceleration, since there were no 
observed differences between spring-boots and running shoes. However, the magnitude 
of head acceleration was greater during running in traditional running shoes, which
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suggested that subjects accommodated to the spring-boot and attenuated shock differently 
(Vance and Mercer, 2002).
McMahon et al. (1987) demonstrated that the geometry of the lower-extremity 
may affect the transmission of impact shock. The authors reported that subjects who ran 
with a very flexed knee (e.g. “Groucho running”) elicited greater magnitudes of tibial 
acceleration than when running with a less flexed knee. Lower extremity compliance 
was greater, magnitude of head acceleration was less, and shock attenuation was greater 
during “Groucho running” as compared to the less flexed knee running condition.
Derrick et al. (1998) observed that as stride lengths increase, shock attenuation 
also increases. The authors also investigated energy absorption about the hip, knee, and 
ankle joints. They observed that during heel-strike running at a given speed, the knee 
was the dominant energy absorber at stride-lengths greater than preferred stride-lengths, 
while the knee and ankle were the dominant energy absorbers at stride-lengths less than 
preferred stride-lengths. Joint moments calculated at the ankle and knee were also 
similar to those calculated by Arampatzis et al. (1999) at a similar velocity (3.83 m/s 
versus 3.55 m/s respectively).
During forefoot-strike running conditions, such as that during sprinting, moments 
about the ankle joint may be nearly 100 N-m greater than during heel-strike pattern 
running (Stefanyshyn and Nigg, 1998). However, Kuitunen et al. (2002) investigated 
forefoot-strike pattern running in sprinters and observed ankle moments of magnitudes 
similar to the heel-strike running observed by Stefanyshyn and Nigg (1998). Kuitunen et 
al. (2002) observed that trends in peak moments about the ankle and knee were similar in 
magnitude, though no statistics were provided. Derrick et al. (1998) also observed that
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magnitudes of ankle and knee moments were similar during all stride-length conditions 
during heel-strike running at 3.83 m/s.
Stafanyshyn and Nigg (1998) and Kuitunen et al. (2002) investigated sprinting at 
velocities ranging from 6.66 to 10.26 m/s, but it is unclear how the ankle and knee may 
function during forefoot-strike pattern running at 3.83 m/s. It is also unclear how energy 
may be absorbed about the ankle and knee during running in spring-boots. The purpose 
of this study is to investigate shock attenuation, leg and head acceleration, and energy 
absorbed at the ankle and knee joints during heel-strike, forefoot-strike, and spring-boot 
running at 3.83 m/s.
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METHODS
Participants
Participants were ten healthy adults (age = 24.5 ± 3.8 years; height = 173.5 ± 8.0 
cm; mass = 72.5 ± 14.2 kg; males; n = 9; females; n = 1; Appendix I). Participants were 
informed of the experimental protocol and were naïve to the experimental research 
questions. The study was approved by the University’s IRB (Appendix II) and 
participants gave written consent prior to any participation in the experimental protocol.
Instrumentation
Participants used laboratory issued footwear (Asics; model; TN 415), and spring- 
boots (Kangoo; model; Jumps; Appendix III). Participants were instrumented with two 
lightweight accelerometers (PCB Piezotronics; model; 352C67) to record head and leg 
accelerations. Leg accelerations were recorded by an accelerometer mounted on a small 
piece of wood which was securely fastened to the distal-anteromedial aspect of the right 
tibia using a custom elastic Velcro strap. Head accelerations were recorded by an 
accelerometer secured to a lightweight plastic headgear that was worn by participant on 
the head such that the accelerometer was oriented vertically on the forehead. 
Accelerometers were mounted to the wood and headgear using manufacturer-supplied
41
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mounting wax. Accelerometers were coimected to 30-meter low-impedance wires that 
ran along an overhead cable that spans the runway in the laboratory.
To record sagittal plane kinematics, lightweight, retro-reflective markers were 
placed on the right side of the body at the greater trochantor of the femur (hip), lateral 
epicondyle of the tibia (knee), lateral maleolus of the tibia (ankle), below the calcaneous 
mounted on the shoe (heel), and below the fifth metatarsal mounted on the shoe 
(forefoot). The spring-boot running condition omitted the marker placed about the heel, 
which did not affect calculation of joint kinematics. Markers were attached using thin, 
double-sided adhesive patches.
Running kinetics were recorded using a force platform (Kistler; model: 9281B11) 
positioned near the middle of a 27 meter runway in the laboratory. Two photocells 
(Lafayette Instrument Co.; 63501 IR) were used to record average running velocity 
across the force platform. One photocell was placed one meter in front of the force 
platform, the other placed two meters after the force platform. Sagittal plane running 
kinematics were recorded using an auto-digitizing system (Motion Analysis; model: 
VP320) as the participants ran across the force platform. A retro-reflective marker was 
placed on the comer of the force platform to locate the position of the foot on the force 
plate. To synchronize kinetic and kinematic data temporally, a square-wave generator 
incorporating a light-emitting diode was triggered when the participant ran past the first 
photocell.
Ground reaction forces, leg and head accelerations, and running velocity data 
were sampled at 1008 Hz and acquired using BioWare software (version 3.21) operated 
on a microcomputer (Gateway E-3000; Intel Pentium MMX processor). Running
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kinematics were sampled at 200 Hz and acquired using Expert Vision software operated 
on a microcomputer (DPI, Inc.).
Procedure
After obtaining informed consent, participants were instrumented with the leg and 
head accelerometers and retro-reflective markers. Prior to data collection during each 
running condition, the participants attempted five trials to become familiar with the 
footstrike pattern and/or footwear, and the target running velocity. Participants 
completed fifteen successful trials during each of three running style conditions; 1) heel- 
strike running; 2) forefoot-strike running; 3) spring-boot running. During conditions 1 
and 2, participants wore laboratory footwear. A successful trial was defined as the right 
foot entirely contacting the force platform, a trial running velocity within ± 5% of the 
3.83m s'̂  target velocity, and the use of the appropriate foot-strike pattern.
During data collection, the heel-strike landing pattern was defined as the heel of 
the shoe contacting the ground prior to the front of the shoe. The forefoot-strike landing 
pattern was defined as the front of the shoe contacting the ground prior to the heel. The 
foot-strike pattern was determined by whether the heel or 5*-metatarsal marker first 
made contact with the ground from the kinematic display.
All fifteen trials were completed during each running style condition before 
participants began a different condition. The order of the running conditions was 
counter-balanced between participants using a latin-square routine. Rest was offered 
between each trial and following trials were completed when the participant was ready.
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and participants rested five minutes in between the completion of any running condition 
and the start of the subsequent condition.
During any shoe condition where the number of attempts to produce fifteen 
acceptable trials exceeded twenty-five, testing was ceased, the participant was excused, 
and any collected data were excluded from analysis; in total, one participant was excused 
from the experiment and their data were omitted from analysis.
Data Reduction
Kinematic data were processed using laboratory software (Quick BASIC, version 
4.5). Shock attenuation was the ratio of leg and head power-spectral densities between 
11 to 20 Hz calculated through a Fast Fourier Transformation from the raw leg and head 
acceleration data using laboratory software (MatLab, version 4.2c. 1; Appendix IV). 
Magnitudes of leg and head peak impact accelerations were calculated from leg and head 
acceleration raw data filtered through a fourth-order zero-lag low-pass (fc = 100 Hz) 
Butterworth filter using laboratory software (Matlab; Appendix IV).
Kinetic and kinematic data were synchronized temporally, then the kinetic data 
were down-sampled to 200 Hz to match the kinematic sampling frequency (Matlab; 
Appendix IV). Joint angular velocities and accelerations were calculated, and joint 
moments were calculated through inverse-dynamics using Dempster’s anthropometric 
model (Winter, 1979). Joint powers were calculated from the products of joint moments 
and joint velocities, and energy absorbed at the ankle and knee joints were calculated 
from the integration of the joint powers over time during the impact phase (Matlab; 
Appendix IV). The period over which the impact phase encompassed was defined as the
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time to the head acceleration peak. Of the fifteen trials collected per condition per 
participant (Appendix V), the first eight trials of the requisite foot-strike pattern (using a 
foot-strike index. Appendix VI) that contained a complete data set for the analysis of the 
dependent variables (shock attenuation, leg acceleration, head acceleration, ankle energy 
absorption, knee energy absorption) were averaged for each condition per participant.
Statistical Design
All dependent variables were analyzed using a one-way repeated measures 
analysis of variance (ANOVA) for the independent variable running style (heel-strike, 
forefoot-strike, spring-boot). Variables resulting in significant omnibus F-ratios were 
further analyzed using a pairwise comparison test to determine which running style 
conditions elicited significant differences. Statistical analysis was performed using SPSS 
10.0 software (Appendix VII). An alpha level for statistical significance was set at a  = 
0.05.
Research Hypotheses 
Hypotheses tested by this experiment were;
- Magnitude of leg acceleration will not change between running style conditions.
- Heel-Strike > Forefoot-Strike = Spring-Boot for magnitude of head acceleration.
- Spring-Boot = Forefoot-Strike > Heel-Strike for shock attenuation.
- Forefoot-Strike = Heel-Strike > Spring-Boot for energy absorbed at the ankle.
- Heel-Strike > Forefoot-Strike = Spring-Boot for energy absorbed at the knee.
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CHAPTER 4 
RESULTS
Leg acceleration was not different across running styles (p = 0.179; Table I). Head 
accelerations were different across running styles (p = 0.013) with head accelerations 
during heel-strike running being 42% greater than during forefoot-strike running, and 
75% greater than spring-boot running (Table 1). Head accelerations during forefoot- 
strike and spring-boot running conditions were not different (p = 0.058).
Table 1 Leg and Head Acceleration
Acceleration (g: mean ± sd)
Running Style_____________________ Ixg_____________________ Head
Heel-Strike 6.57 ±2.80 1.85 ±0.73
Forefoot-Strike 7.25 ± 1.76 1.3 ±0.30
Spring-Boot 6.55 ±2.34 1.06 ±0.26
p = 0.179 p = 0.013
Shock attenuation was not different across running conditions (p = 0.121; Table 2).
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Table 2: Shock Attenuation
Running Style___________________________ Shock Attenuation (dB: mean ± sd)
Heel-strike -11.49 ±2.97
Forefoot-Strike -9.55 ± 3.66
Spring-Boot  -6.17 ± 9.91_
__________________________________________________ p = 0.121___________
Energy absorption about the ankle joint was different across running conditions (p = 
0.001), however, energy absorption about the knee joint was not different (p = 0.054) 
(Table 3). Although there was no main affect for knee joint energy absorption across 
conditions, pairwise comparisons were analyzed. There was a significant difference 
between forefoot-strike and spring-boot running conditions (p = 0.028), but no other 
differences were observed (Table 3).
Table 3: Ankle and Knee Joint Energy Absorption
Energy Absorption (J kg'^: mean ± sd)
Running Style_______________________ Ankle______________ Knee____________
Heel-Strike 0.84 ±0.56 6.36 ±3.38
Forefoot-Strike 10.00 ± 5.02 4.92 ± 3.66
Spring-Boot -0.06 ± 0.48 9.08 ± 3.19
__________________________________p = 0.001___________ p - 0.054___________
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DISCUSSION 
Leg and Head Acceleration 
In this study, it was hypothesized that shock-attenuation during forefoot-strike 
and spring-boot running would be greater than during heel-strike running. This 
hypothesis was based, in part, on the accompanying hypotheses that magnitudes of leg 
impact acceleration would not be different across the three running conditions, and that 
magnitudes of head impact acceleration during heel-strike running would be greater than 
during forefoot-strike and spring-boot running. As expected, no differences in leg impact 
acceleration were observed across the running conditions (Figure 1; Figure 2).
48
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Figure 1: Leg Acceleration
Leg acceleration magnitude in units of gravity (g) across percent of stance as an ensemble 
of all participants’ trials during each running condition. Peak acceleration due to impact 
indicated by the arrow.
Heel-Strike Forefoot-Strike Sprmg-Boot
Figure 2: Peak Leg and Head Impact Acceleration Magnitudes 
Acceleration magnitude in units of gravity (g). Asterisk indicates significant difference 
between denoted conditions: heel-strike (1); forefoot-strike (2); and spring-boot (3).
Leg impact accelerations during heel-strike and spring-boot running were similar 
to other studies (Derrick et al. 1998; Vance and Mercer, 2002). Derrick et al. (1998)
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reported a group mean of 6.1 g during heel-strike running at the same velocity. This 
compares favorably with the group mean of 6.57 g observed during this study (Figure 2). 
Group means during heel-strike and spring-boot running observed in this study (Figure 2) 
fell between the values reported by Vance and Mercer (2002) at 3.1 and 4.0 m s '.
Flead impact acceleration dming heel-strike ruiming was greater than during 
forefoot-strike running and forefoot-strike running; no differences were observed 
between forefoot-strike and spring-boot running (Figure 2; Figure 3). Head impact 
acceleration magnitudes during heel-strike running are similar to those magnitudes 
observed by Derrick et al. (1999) ranging from 1.1 to 1.9 g across stride-length 
conditions at a 3.83 m s ' running velocity. During heel-strike and spring-boot running, 
head acceleration magnitudes were similar to those observed by Vance and Mercer 
(2002) ranging from 1.1 to 1.7 g during heel-strike, and 0.9 to 1.3 g during spring-boot 
conditions across running velocities (2.2, 3.1, and 4.0 m-s ').
Heel-Strike Forefoot-Strike Spring-Boot
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Figure 3: Head Acceleration
Head acceleration in units of gravity (g) across percent of stance as an ensemble of all 
participants’ trials during each running condition. The first peak of each trial was 
recorded as the head impact acceleration peak.
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Shock Attenuation 
Leg impact acceleration magnitudes were not different between running 
conditions, however head impact acceleration magnitudes were different, which support 
the premise that shock-attenuation would be different between the running conditions. 
However, no differences in shock-attenuation between 11 to 20 Hz were observed 
(Figure 4).
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Figure 4: Shock Attenuated between 11 to 20 Hz
Magnitude of shock attenuated from leg and head power spectral densities in decibels 
(dB), calculated from the 11 to 20 Hz frequency range.
This observation is unique as previous research has always demonstrated congruent time 
and frequency domain relationships between leg and head acceleration. It would seem 
reasonable that given the changes in running style, there may exist differences in the 
power spectral densities (PSD) of the leg accelerations between heel-strike, forefoot- 
strike, and spring-boot running. Although statistics were not computed. Figure 5 
illustrates the possibility of greater power in the spring-boot PSD from 30 to 100 Hz
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during spring-boot running as compared to heel-strike running, possibly due to the 
mechanics of the spring-mechanism of the spring-boot. It should be noted that head 
acceleration PSD appear similar across all conditions (Figure 6).
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Figure 5: Leg Acceleration Power Spectral Densities
Power spectral densities of the leg acceleration profiles plotted as an ensemble of all
participants’ trials during each running condition.
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Figure 6: Head Acceleration Power Spectral Densities
Power spectral densities of the head acceleration profiles plotted as an ensemble of all
participants’ trials during each running condition.
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Shock-attenuation was also calculated from 11 to 30 Hz, 11 to 50 Hz, and 11 to 100 Hz in 
addition to the 11 to 20 Hz range (Figure 7), to determine if PSD differences existed 
between the three running conditions that may not be explained within the 11 to 20 Hz 
analyses. However, no statistical differences in shock attenuation were observed in the 
other frequency ranges.
! □  11-20 Hz : 
l@ 11-30 Hz : 
|m 11-50Hz I 
□  11-100 Hz:
Heel-Strike Forefoot-
strike
Spring-Boot
Figure 7: Shock Attenuation
Magnitude of shock attenuated from leg and head acceleration power spectral densities in 
decibels (dB) calculated across four frequency ranges.
The differences in head impact acceleration magnitudes between conditions 
paired with the lack of differences in leg impact acceleration magnitudes, would suggest 
greater shock attenuation during forefoot-strike and spring-boot running than during heel- 
strike running. This was not observed during the frequency-domain calculation o f  shock- 
attenuation. Furthermore, the group means across running style and shock-attenuation 
analysis would suggest an interaction (Figure 7). An early interpretation of these results 
suggested the group did not respond homogenously. After reviewing the participants
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individual shock-attenuation data, participants 6 and 7 were omitted for a reanalysis due 
to excessively high shock attenuation at 11-20 Hz during spring-boot running, as 
compared to the group trends. Participants 6 and 7 demonstrated high leg acceleration 
powers below 30 Hz which contributed to the high level of shock attenuated. The 
reanalysis revealed differences between running shoe conditions (Figure 8), with heel- 
strike running greater than forefoot-strike and spring-boot running, and forefoot-strike 
greater than spring-boot running (11.3, 8.6, and 1.7 dB attenuated, respectively).
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Figure 8: Shock Attenuated Between 11 to 20 Hz Omitting Participants 6 
and 7
Asterisk indicates significant difference between denoted conditions: heel-strike (1), 
forefoot-strike (2); and spring-boot (3).
These results also are not consistent with the time-domain analysis of the leg and 
head impact accelerations. Again, the 11-20 Hz analysis does not reflect contributions 
from the 21-100 Hz frequency range present during spring-boot running, a three (running 
condition) by four (shock-attenuation analysis frequency range) repeated measures 
ANOVA was conducted. Differences in the shock-attenuation analysis frequency range
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were observed (p = 0.009). All frequency range comparisons were different except for 
the 11 to 20 Hz and 11 to 30 Hz range comparison (Figure 9). The differences between 
the frequency ranges hint at the differences contributed by the leg acceleration PSDs, 
especially since shock attenuation during heel-strike running is the least affected by the 
different analyses, whereas spring-boot running appears the most affected.
ID 11-20 Hz 
iH ll-3 0 H z  
1^11-50 Hz 
1011-100 Hz
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Spring-Boot
Figure 9; Shock Attenuation Omitting Participants 6 and 7
Magnitude of shock attenuated from leg and head acceleration power spectral densities in
decibels (dB) calculated across four frequency ranges.
Ankle and Knee Joint Energy Absorption 
Energy absorption about the ankle and knee joints were calculated to describe and 
explain possible mechanisms of shock-attenuation. The ankle joint demonstrated greater 
energy absorption during forefoot-strike running as compared to heel-strike running 
illustrating the ankle’s compliancy when impacting the ground during a forefoot-strike 
pattern. During spring-boot running, ankle energy absorption was minimal (Figure 10). 
Possible explanations may include the boot constrained ankle movement and, thus, 
constrained the ankle’s ability to absorb energy, or the ankle may have interacted with the
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boot’s impact energy-absorbing spring, eliminating the necessity for the ankle to absorb 
the energy.
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Figure 10: Ankle and Knee Joint Energy Absorption 
Energy absorption in units of joules (J) normalized to participants’ body weight. The 
asterisk indicates significant differences between the denoted conditions: heel-strike (1); 
forefoot-strike (2); and spring-boot (3) running.
Knee joint energy absorption (Figure 10) was different between only forefoot- 
strike and spring-boot running (4.92 vs. 9.08 J kg '\ respectively). The magnitudes of 
energy absorbed by the ankle and knee joints during heel-strike running are not in 
agreement with those values published by Derrick et al. (1998). Derrick et al. (1998) 
reported ankle and knee energy absorption values of 2.0 and 2.2 J kg"' respectively, 
whereas ankle and knee energy absorption magnitudes of 0.84 and 6.36 J kg"' during 
heel-strike running were observed in this study. This disagreement could possibly be due 
to variations in the methodology between the two studies. Derrick et al. (1998) defined 
the impact phase over which joint power would be integrated for energy absorption to be 
defined as twice the period of time to the ground reaction force impact peak. In this 
study, because the forefoot-strike and spring-boot running conditions do not have
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consistent bimodal curves or impact peaks similar to heel-strike ruiming (Figure 11 ), the 
impact phase was defined as the time to the head-impact acceleration peak (Figure 3).
•Heel-Strike Forefoot-Strike Spring-Boot
2.5
è
0.5
20 1000 40 60 80
Stance (%
Figure 11 : Vertical Ground Reaction Forces
Vertical ground reaction force normalized to and in units of participants’ body-weights 
(BW) across percent of stance, plotted as an ensemble of all participants’ trials in each 
condition. Notice the bimodal nature of the heel-strike data, as compared to the unimodal 
forefoot-strike and spring-boot conditions.
While there may exist variations in the period over which this study and Derrick et al. 
(1998) calculated energy absorption, the joint moments and powers over which this 
energy was calculated may also contribute to the differences. The patterns of the plotted 
ankle and knee joint moments (Figures 12 and 13) and powers (Figures 14 and 15) are 
not consistent with those observed by Derrick et al. (1998) or Stefanyshyn and Nigg 
(199gy
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Figure 12: Ankle Moment
Ankle moment normalized to participants’ bodyweight, plotted as an ensemble of all 
participants’ trials during each condition. Positive value denotes a dorsiflexor moment.
Heel-Strike Forefoot-Strike Spring-Boot
100
Stance (°/
Figure 13: Knee Moment
Knee moment normalized to participants’ bodyweight, plotted as an ensemble of all 
participants’ trials during each condition. Positive value denotes an extensor moment.
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Figure 14; Ankle Power
Ankle power normalized to participants’ bodyweight, plotted as an ensemble of all 
participants’ trials during each condition.
Heel-Strike Forefoot-Strike Spring-Boot
100
100-20
-40
-60 Stance
Figure 15: Knee Power
Knee power normalized to participants’ bodyweight, plotted as an ensemble of all 
participants’ trials during each condition.
However, these joint moment and power patterns during heel-strike nmning are similar to 
data presented by Arampatzis et al. (1999); but, like the comparison with Derrick et al. 
(1998), the magnitudes of the moments and powers are not similar. An early study by
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Winter (1983) demonstrated similar patterns of ankle and knee joint moments and 
powers. Ankle and knee joint moments were of similar magnitude, but Winter ( 1983) 
reported joint powers that were of lesser magnitudes as those observed in this study. 
Factors contributing to the differences between studies could lie within the 
anthropometric modeling, ruiming velocities, and participant experience. Arampatzis et 
al. (1999) tested participants described as “runners,” while Stefanyshyn and Nigg (1998) 
tested “competitive distance runners” and “competitive sprinters,” and the velocities 
tested were 4±0.4 m-s"’ during running and 7.1 to 8.4 m s ' during sprinting. Winter’s 
(1983) participants were not described as runners, but the velocities tested were described 
as “slow jogging” and likely contributed to the low joint power magnitudes relative to 
this study.
The knee energy absorption results in this study do not explain the observations in 
shock attenuation during the three running conditions nor do they explain the observed 
relationship between leg and head impact acceleration magnitudes. The imexpected 
relationship between leg and head impact acceleration magnitudes and shock-attenuation 
limit the application of shock-attenuation strategies described in previous literature 
(Derrick et al. 1998; Mercer et al. 2001). These strategies could generally be categorized 
as either an active process performed by the participant relative to the foot-strike pattern 
or shoe being used, or as a passive process relative to how frequencies of various powers 
are propagated up the kinetic chain from leg to head independent of contribution 
provided by the participant.
It was expected that greater shock-attenuation would have been accompanied by 
greater knee joint energy absorption, as reported by Derrick et al. (1998). Limitations in
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this expectation are that Derrick et al. (1998) tested heel-strike running at a set velocity 
only changing the stride-length, not the foot-strike pattern or shoe used. It is now known 
that a change in foot-strike pattern or shoe may alter the acceleration that is propagated 
up the kinetic chain at impact. Even though leg impact acceleration magnitudes were not 
different, visibly different patterns between the three running conditions were observed in 
the time-domain leg acceleration profiles (Figure 1) and the frequency-domain leg 
acceleration power spectral densities (Figure 5). It is plausible that acceleration incidents 
at the initial impact of the foot with the ground were different between running conditions 
and the energy absorbed about the ankle contributed to the observed leg acceleration 
values. However, limiting this conjecture is the lack of acceleration data about the foot 
(e.g. below the ankle), as well as knowing the energy absorption contributed by the 
spring-boot’s spring.
At the shank, it is clear the leg acceleration patterns and power spectral densities 
are not equal. The propagation of the acceleration up the kinetic chain passes through the 
knee joint on its way to the head, but it is not known how energy absorbed about the knee 
contributes to the attenuation of specific frequencies of the acceleration. In this study, 
there appears to be no direct relationship between shock attenuation and knee joint 
energy absorption. It is further question what role a torsional energy absorption would 
contribute to the attenuation of a linearly-propagating shock wave. It is equally plausible 
that the flexed kinematic position of the knee joint would yield greater shock-attenuation. 
As the knee becomes more flexed, the linear shock-wave has to change directions. A 
less-flexed knee (e.g. straight leg) requires little or no change in direction as the shock- 
wave can propagate up a linear lower-extremity.
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Derrick et al. (1998) discussed the role of the kinematic position of the knee 
relative to both shock attenuation and knee joint energy absorption. As stride-length 
increased, Derrick et al. (1998) reported that the position of the knee was further from the 
line of application of the groimd reaction force. While this incident may greatly affect 
the role of the knee-extensors and joint energy absorption, does it have to? An individual 
could impact the ground with a flexed, but very stiff knee, reproducing knee positions 
relative to the line of application of the ground reaction force similar to Derrick’s et al. 
(1998) study, but exhibiting little energy absorption about the knee. Could this situation 
attenuate shock similar to an energy-absorbing knee demonstrating the same kinematic 
position(s)7
It is also not known how passive mechanisms within the body (e.g. bone, 
vertebral discs, visceral organs, etc) contribute toward shock-attenuation. Would it be 
more likely that higher frequencies within the acceleration power-spectral density are 
readily absorbed by sofr-tissue and other biological structures/organs? Given the 
differing power-spectral densities between running conditions, could the contribution of 
passive mechanisms deliver similar acceleration frequencies to the head? This 
specifically would designate the body as a passive low-pass filter, but further research is 
necessary to test the validity of this conjecture.
Interestingly, an underlying premise developed from running-surface studies 
(Ferris et al. 1999; McMahon and Greene, 1979) suggested that knee energy absorption 
would manifest itself opposite to ankle energy absorption, just as knee/lower-extremity 
stiffness changed inverse to the surface stiffness; e.g. if ankle energy absorption 
decreased, knee energy absorption would increase. Knee energy absorption appeared to
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shift opposite to the change in magnitude of ankle energy absorption between the 
conditions (Figure 10). One note of exception is that the lack of ankle energy absorption 
during the spring-boot condition is likely accompanied by energy absorption by the 
boot’s spring mechanism. In this condition, it would be expected that the knee would 
absorb less energy as the boot’s spring absorbed more energy. It is not known how the 
energy absorbed by the spring-mechanism contributed to this ankle-knee relationship, or 
how energy-absorption below the sole of the foot translates to torsional energy absorption 
about the joints. Is this relationship only based on the linear compliancy of the surface 
and the modeled lower-extremity stiffness as observed in the literature, or does this 
relationship manifest itself as one joint interacts with another? Specifically, the ankle and 
knee joint share a common segment (e.g. the shank) and a common muscle (e.g. the 
gastrocnemius), and changes in ankle joint orientation/kinematics and kinetics may also 
affect the knee joint.
Conclusion
In this study, leg impact acceleration magnitudes were not affected by the running 
conditions, however, forefoot-strike and spring-boot running elicited lesser magnitudes of 
head impact acceleration than heel-strike running. Power-spectral density analysis of the 
leg-acceleration profiles confirmed unique frequency content in spring-boot nmning as 
compared to heel-strike and forefoot-strike nmning. A proposed resolution to these 
differences is handling the spring-boot data different and apart from heel-strike and 
forefoot-strike running data.
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As demonstrated earlier in this discussion, the statistical outcome of the shock 
attenuation analysis changed not only by omitting participants based on a qualitative and 
quantitative criteria, but the statistical outcome changed based on the choice in frequency 
range over which shock attenuation was calculated. This presents an ethical issue as to 
whether a frequency range to calculate shock attenuation should be chosen based on a 
common and previously used range, however knowing that a particular nmning condition 
(e.g. spring-boot running) may be poorly reflected through the analysis; or, choosing a 
frequency range that covers a broader frequency range as foimd in spring-boot running, 
though also covering that range in heel-strike running, while potentially misrepresenting 
the heel-strike data. With respect to shock attenuation, the question is are heel-strike and 
spring-boot running different by comparison, or are they too different to compare using 
like methods? The latter appears to be the more appropriate answer.
Finally, at face value, the calculated energy absorbed about the ankle and knee 
joints do not agree with the shock attenuation data and suggest that there are different 
mechanisms present contributing to the different shock attenuation strategies employed 
during the three running conditions. If the kinetic data is considered valid despite its 
incongruence with previous studies, the relationship between the ankle and knee energy 
absorption during the three conditions will provide interesting conjecture toward 
imderstanding accommodation strategies through these joints.
The results of this study provide insight into the differences between heel-strike, 
forefoot-strike and spring-boot running. However, these results appear to have generated 
more questions than answers. It is suggested that further research investigate variations 
(e.g. velocity, stride-length, etc.) within each running condition separate from a
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comparison between the running conditions. While there exists a large body of 
knowledge on heel-strike running, there is a paucity of forefoot-strike and spring-boot 
research in which to compare this study’s results. Finally, it is recommended that future 
research investigate the relationship between knee joint energy absorption and shock 
attenuation with a simple experiment. Previous research has not necessarily 
demonstrated causality of this relationship apart from coincidence, and this study has 
tested conditions too different and complex to deliver a clear and concise answer.
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Participant Descriptive Data
Participant Sex Age (yrs) Height (cm) Weight (kg) Activity
1 M 23 186 79.5 Run 3.5 miles/day, 6 day/week
2 M 24 181 87.5 Run 2-3 miles every other day; basketball
3 M 30 170 88 Valet, bellman, moderate+ labor during work
4 M 31 176 79 Cycle 30-50 miles, 6 days/week; 1-2 days/week weight trainin
5 F 19 170 57.5 Weight training + aerobics 2-3 days/week
6 M 21 169 78.5 Cardio + weight training 5 days/week; basketball 2 days/week
7 M 22 162 52.5 Run 3 days/week; soccer 1 day/week
8 M 24 172 64.5 Weight training 5 days/week; cardio 2 days/week
9 M 27 165 49 Cycle 30-50 miles, 6 days/week; 2 days/week weight training
10 M 24 184 24 Weight training 4-5 days/week; cardio 1-2 days/week
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SUBJECT INFORMED CONSENT FORM FOR PARTICIPATION 
PROJECT TITLE: GAIT BIOMECHANICS
We appreciate your interest in becoming a subject in this research study conducted by 
John Mercer, David Black, Dale Branks, and Jason Vance from the Department of Kinesiology. 
Note that your participation is entirely voluntary and that you ate free to withdraw yourself as a 
subject at any time. It is expected that you are currently physically active and are between the 
ages of 18 and 45 and are free from any physical impairment or injury. Refusal to participate 
will involve no loss of privileges or services to which you are entitled. Please read one copy of 
the informed consent form and sign both copies. Return one copy and keep the other copy 
for your files. A copy of the complete Human Subjects Activity Review form is available 
for your perusal on request.
The purpose of the study is to investigate selected aspects of lower extremity function 
during gait activities. This information will add to our knowledge of lower extremity function 
and may help increase our understanding of the causes of overuse injuries in the lower 
extremities. To fulfill the purpose, you will be asked to complete a maximum of four sessions of 
walking and/or running over a period of one week. Possible experimental manipulations include 
varying the type of shoe worn, surface stiffness, running speeds, and modifications of gait. The 
specific experimental conditions you will be exposed to and dates and session times are indicated 
on the attached form. A data collection session will take 1-2 hours. Possible measurements 
include ground reaction forces, video recording of movements, muscle electrical activity, 
metabolic cost, electrogoniometry, accelerometry, and anthropometric measures.
Locomotion speed may be varied as indicated on the protocol form but will always be 
submaximal and never faster than comfortable to you. Stride manipulations will be typical of 
those encountered when traversing over varied terrain. Variations in surface will be either 
between different types of treadmills or between treadmill and overground locomotion. When a 
treadmill is used during testing, you will be provided with instructions for use as well as 
sufficient practice time so that you feel entirely comfortable while getting on and off and running 
on the treadmill; however, there is a small possibility of loss of balance. During the data 
collection an investigator will be in a position to assist you should any problems arise while you 
are on the treadmill
Other than performing in an experimental setting, this research study does not require you 
to engage in any activity that is unusual or unfamiliar to you. Please be aware, however, that 
lower extremity joint and muscle injury is always possible in any locomotion activity. You will 
thus be encouraged to actively warm-up prior to each testing session, such that you feel 
physically prepared to perform the running activity.
You may stop the data collection at any time. A principal investigator will be present at 
each data collection session to answer any inquiries you have concerning the procedures. The
College of Health Sciences 
D epartm ent of Kinesiology 
4505 Maryland Parkway • Box 453034 • Las Vegas, Nevada 89154-3034 
(702) 895-0996 • FAX (702) 895-1500
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principal investigator is trained in first aid procedures and would administer necessary first aid in 
the unlikely event you are injured.
The names of all subjects will be held in strict confidence and will not be revealed in any 
publication or reports resulting from this study. All references to subjects will be made solely on 
the basis of a subject number assigned for the study. The code sheet relating subject names to 
subject numbers will be maintained in a confidential file and the visual analysis is automated. If 
you release the visual record to us, it may be used for research and/or educational purposes. You 
have the choice to refuse such use of the visual record.
It is hoped that you benefit from being a participant. You are welcome to make an 
appointment to review the results of the study, and if you wish to have a copy of the results of 
the study, please let us know. Once you have read this informed consent form, and all of your 
questions have been answered, you are requested to sign and date the form below. Your 
signature indicates that you have read and understand the procedures, have had all of your 
questions answered, understand the limited risks involved in participating, agree to voluntarily 
participate in all phases of the study as described above, and understand that you may withdraw 
from the study at any time. If questions arise after the data collection, an investigator may be 
reached at 895-4672.
Signed:  Date:________________
Witness:  Date;________________
PRINCIPAL INVESTIGATORS: 
John A. Mercer, Ph.D. 
David Black, B.S.
Dale Branks, B.S.
Jason Vance, B.S.
Video Release
We may wish to use the video tape recording of your movements for educational purposes in the 
future (before the destroy date). However, your identity will not be disclosed. If you would like 
to give your permission for use of the video recording for educational purposes (such as classes 
or conferences), please place your initials by “yes" below. If you do not wish to give permission 
at this time, please initial by “no". Video recordings will not be taken for any commercial use.
yes_ no
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Running Study Protocol
In this particular study you will be involved in the following activities: (those that are checked)
data collection(s) o f  hour(s) duration over a period of _
exceed 6 data collections of 2 hours duration over a period of 2 weeks.)
_week(s). (Not to
Collection
1
2
3
4
5
6
Date and Time Approximate Duration
Instrumentation Treatments
Force Platform
EMG Surface Electrodes
Accelerometer
Electrogoniometer
Video Tape
Film
Automated Tracking 
Foot Pressure Sensors 
Mat 
Shoe
Anthropometric Records 
Treadmill
Vary shoes 
Vary velocity 
Vary stride length 
Vary surface
Type of Activity 
Running 
Walking
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APPENDIX IV
MATLAB CODE
Code is presented in the same format Matlab recognizes to perform the requisite data 
reduction.
Call Function: Thesisl.m
%Thesisl.m
%= -   -  -  — —
%This program serves three purposes:
% - reorganize kinematic data into 8 discrete paths 
% - synchronize kinematic and kinetic data 
% - calculate joint kinetics using moment.m function
%      ^  —  —
clc 
clear; 
clear all; 
fclose('air);
temporarydirectory = pwd; 
fprintf( 1 ,'\n\nProcessing\n\n');
 —
% Change the following parameters
% prior to miming program
 .. . -------------
subjects = x; %number of subjects to process
conditions = x; %number of conditions per subject
trials = x; %trials per condition
startwithsubj = x; %subject number to start with
startwithcond = x; %condition number to start with (there were 6 conditions) 
startwithtrial = x; %trial number to start with
weight = [x]; 
%directory where data is located
73
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directory = 'c:\x';
%name of output file
%change this prior to running the program 
% twice - otherwise data will be overwritten
outputfile = 'x';
precision = 4; %output precision
%    — — :-----------------
% Don't change anything after this point
 ::: = =
headers = 0; %headers for kin data 
grfheaders =14; %headers for GRF 
kinfs =200; %sample frequency kin data 
fs = kinfs;
grffs = 1008; %sample frequency GRF data 
FzcutofP= 20; %vaiue to identify HC and TO 
search window=2 ;
%=
%=
%=
datain ='.knT;
dataout = '.knm'; %for each kinematic data file
peakcol = 4; %path, frame, x, y
peakrow = inf; %should be about 1 s worth of data
din = '.txf ;
dout = '.grf ; %for each GRF data file 
pcol = 11; 
prow = inf;
filenumber = 0;
for s =startwithsubj : (startwithsubj+subjects-1 )
for c = startwithcond:(startwithcond+conditions-l) 
for t = startwithtrial:(startwithtrial+trials-l)
filenumber = filenumber+1;
%= = -  = = = —
% Open a file
% = = — = — == = — = = = =— — — -----
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%create s?c?t? filename 
subj = int2str(s); 
cond = int2str(c); 
tri = int2str(t);
f  name = ['s' subj 'o' cond't' tri]; 
fprintf(l,f_name); ^rintf(l,'\n');
%create filenames
kininputfile = [fnam e datain]; %*.knl
knmout = [f_name dataout]; %*.knm
grfinputfile = [f_name din]; %*.txt 
grfout = [ fname dout]; %*.grf
%open a file using 'my open' fimction
data = my_fopen(directory, kininputfile, peakcol, peakrow, headers); 
grfdata = my_fopen(directory, grfinputfile, pcol, prow, grfheaders);
%Remove % to activate subroutine
%synchl;
%synch2;
%fscan;
%run_sal;
%sal;
%id;
end %next trial
end %next condition
end %next subject
%output data using a function 'my save'
my_save(directory, outputfile, total, precision);
%change back to original directory
eval(['cd ' temporarydirectory] )
%clean house
close(gcf);
fclose('all');
%identify done processing
f]printf(l, '\ndone\n\n');
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Subroutine: Synch l.m 
%synch.m
%this file opens kinematic and kinetic files, finds the onset of 
%synch light(kinematic) and square wave(kinetic), and truncates the 
%data relative to this event.
%Additionally, this file arranges/formats kinematic and kinetic data 
%prior to running inverse dynamics.
%=
% There are 200 frames of data per each kinematic path 
% The next calculations will divide the two columns 
% containing x-y data into their respective paths
%path 1 = synch light 
%path 2 = force plate 
%path 3 = heel 
%path 4 = 5th Met 
%path 5 = ankle 
%path 6 = knee 
%path 7 = hip 
%path 8 = shoulder
%create a time reference for upsampling the kinematic data
ex = data(:,3); % x positional data column
why = data(:,4); % y positional data column
%synch x, y: path 1, frames 1:200 
synchx = ex( 1:200); 
synchy = why( 1:200);
%set start point for kinetic-kinematic synchronization 
syn = find(synchx>l); 
synch = syn(l);
%adjust data set from the new start-point
%synchx = nsynchx( synch: 1000); 
%synchy = nsynchy(synch; 1000);
%force platform x, y; path 2 frames 201 ;400 
%x = ex(201:400); 
fpy = why(201:400);
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fpx = fpx(synch; kinfs);
^  fpy(synch: kinfs);
%heel X, y: path 3 frames 401:600 
heelx = ex(401:600); 
heely = why(401:600);
heelx = heelx(synch: kinfs); 
heely = heely(synch: kinfs);
%5th met x, y; path 4 frames 601:800 
metx = ex(601:800); 
mety = why(601:800);
metx = metx(synch: kinfs); 
mety = mety(synch: kinfs^
%ankle x, y: path 5 frames 801:1000 
anklex = ex(801:1000); 
ankley = why(801:1000);
anklex = anklex(synch: kinfs); 
ankley = ankley(synch: kinfs);
%knee x, y: path 6 frames 1001:1200 
kneex = ex( 1001:1200); 
kneey = why( 1001:1200);
kneex = kneex(synch: kinfs); 
kneey = kneey(synch: kinfs);
%hip X, y: path 7 frames 1201:1400 
hipx = ex( 1201:1400); 
hipy = why( 1201:1400);
hipx = hipx(synch: kinfs); 
hipy = hipy(synch: kinfs^
%shoulder x, y: path 8 frames 1401:1600 
hatx = ex(1401:1600); 
haty = why( 1401:1600);
hatx = hatx(synch: kinfs); 
haty = haty(synch: kinfs^
%data at this point are:
%[synchx synchy fjpx fpy metx mety anklex ankley kneex kneey hipx hipy 
%hatx haty]; all data ranges from synch(0) to 200 - synch
%A11 kinematic variables have been seperated into columns of x, y 
%starting with the point where the synch light was observed
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%Create time reference 
start = 0;
finish = (kinfs - synch)/kinfs; 
timeinterval = 1/kinfs; 
time = start:time intervakfinish;
%next; import grf data, adjust grf data from onset of synch light 
%determine HC and TO from GRF data; reduce data to fs = 200; 
%reduce kinetic and kinematic data to HC and TO and run moment, m
   .....
%Organize the GRF and accelerometer data
 , , -   ....
grft = grfdata(:,l); 
legacc = grfdata(;,2); 
headacc = grfdata(;,3); 
photostart = grfdata(:,4); 
photostop = grfdata(;,5); 
sqwave = grfdata(:,6);
fy = grfdata(;,7); %this is M-L GRF; Fx on GRF record
fk = grfdata(;,8); %this is A-P GRF; Fy on GRF record
fz = grfdata(;,9); %this is vertical GRF
copx = grfdata(;,10); 
copy = grfdata(;,l 1);
%identify the onset of the synch light; reset data to zero
lite = find(sqwave>3);
ts = lite( 1 ); %define time start
grft = grft(ts: 1999);
legacc = legacc(ts:1999);
headacc = headacc(ts:1999);
photostart = photostart(ts: 1999);
photostop = photostop(ts:1999);
sqwave = sqwave(ts:1999);
fy = fy(ts: 1999); %this is M-L GRF
fx = fx(ts; 1999); %this is A-P GRF
fz = fz(ts: 1999); %this is vertical GRF
copx = copx(ts:1999);
copy = copy(ts:1999);
%now the GRF data is effectively synched with the kinematic data 
%but there is more GRF data; both sets will now be reduced to HC and TO
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%copy = copy(hc:to);
%[HC, TO] = fmdHCTO(fz, Fzcutofï); 
%hc = HC-l;
%to = TO+l;
Fx = fx; %(hc:to);
Fy = fz; %(hc:to);
%legacc = legacc(hc:to);
%headacc = headacc(hc;to);
%copx = copx(hc:to);
%copy = copy(hc:to);
ratio = 1/grffs; 
strt = l*ratio; 
stp = (1999-ts)*ratio; 
time = strt:ratio:stp;
[newt, nlegacc] = sample(time, legacc, grffs, 200);
[newt, nheadacc] = sample(time, headacc, grffs, 200);
[newt, nFy] = sample(time, Fy, grffs, 200);
[newt, nFx] = sample(time, Fx, grffs, 200);
[newt, ncopy] = sample(time, copy, grffs, 200);
CPx = (ncopy. *(-l))+0.30;
Fx = nFx;
Fy = nFy;
%nhc = (hc*(kinfs/grffs));
%nto = (to*(kinfs/grffs));
%nhc = round(nhc);
%nto = round(nto);
[HC, TO] = fmdHCTO(Fy, Fzcutoff); 
he = HC; 
to = TO;
inx = find (fpx>0); 
outx = inx(l); 
fpx = fpx(outx)-0.59;
fpy = fpy(outx)-0.01; %this has been adjusted to the height of the marker
Fy = Fy(hc:to);
Fx = Fx(hc;to);
legacc = nlegacc(hc:to);
headacc = nheadacc(hc;to);
CPx = CPx(hc;to);
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time = 0:0.005:(newt(to)-newt(hc+2)); 
%copy = copy(hc;to);
toex = metx(hc:to); 
toey = mety(hc:to); 
heelx = heelx(hc:to); 
heely = heely(hc:to); 
anklex = anklex(hc:to); 
ankley = ankley(hc;to); 
kneex = kneex(hc:to); 
kneey = kneey(hc:to); 
hipx = hipx(hc:to); 
hipy = hipy(hc:to); 
hatx = hatx(hc:to); 
haty = haty(hc:to);
%adjusted to force plate 
toex = (toex-fpx); 
toey = (toey-fpy); 
heelx = (heelx-fpx); 
heely = (heely-fpy); 
anklex = (anWex-fijx); 
ankley = (ankley-fpy); 
kneex = (kneex-fpx); 
kneey = (kneey-fpy); 
hipx = (hipx-fpx); 
hipy = (hipy-fpy); 
hatx = (hatx-fpx); 
haty = (haty-fpy);
%the format for id.m needs to be;
%time=data(;,2) hipx=data(:,3); hipy=data(:,4); kneex=data(;,5); 
%kneey=data(:,6); anklex=data(;,7); ankley=data(:,8); toex=data(;,9); 
%toey=data(:,10); Fx=data(:,ll); Fy=data(:,12); CPx=data(;,13);
Subroutine: Svnch2.m 
%synch2.m
%this file opens kinetic files, finds the onset square wave, 
%and truncates the data relative to this event. 
%Additionally, this file reduces kinetic data to HC:TO 
%prior to analyzing acceration data.
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%Create time reference 
%start = 0;
%finish = (kinfs - synch)/kinfs; 
%time_interval = 1/kinfs;
%time = start;time_interval: finish;
%import grf data, adjust grf data from onset of synch light 
%determine HC and TO from GRF data
% = = — = = ■  '    ■■ '  ' '
%Organize the GRF and accelerometer data
- —   -= :  — =
grft = grfdata(;,l); 
legacc = grfdata(:,2); 
headacc = grfdata(;,3); 
photostart = grfdata(:,4); 
photostop = grfdata(:,5); 
sqwave = grfdata(;,6);
fy = grfdata(;,7); %this is M-L GRF; Fx on GRF record
& = grfdata(:,8); %this is A-P GRF; Fy on GRF record
fz = grfdata(;,9); %this is vertical GRF
copx = grfdata(:,10); 
copy = grfdata(;,l 1);
%identify the onset of the synch light; reset data to zero
lite = find(sqwave>3);
ts = lite( 1 ); %define time start
grft = grft(ts: 1999);
legacc = legacc(ts:1999);
headacc = headacc(ts:1999);
photostart = photostart(ts: 1999);
photostop = photostop(ts: 1999);
sqwave = sqwave(ts: 1999);
fy = fy(ts; 1999); %this is M-L GRF
fx = fx(ts: 1999); %this is A-P GRF
fz = fz(ts: 1999); %this is vertical GRF
copx = copx(ts;1999);
copy = copy(ts; 1999X
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[HC, TO] = fmdHCTO(fz, Fzcutoff);
Fx = fx(HC;TO);
Fy = fy(HC:TO);
Fz = fz(HC:TO); 
legacc = legacc(HC;TO); 
headacc = headacc(HC:TO); 
copx = copx(HC:TO); 
copy = copy(HC:TO);
end;
Subroutine: Fscan.m 
%fscan.m
%"footscan" This program calculates the relationship between the 
%kinetic COP (CPx, direction by convention) and the kinematic 5th met 
%position (metx) and/or heel position (heelx). Heel to 5th met length 
%is normalized to 100%, any COP occuring under 100% occurs between the 
%heel and 5th met, over 100% occurs past the 5th met indicating a true 
%forefoot strike. Vertical GRF is also displayed to verify a heelstrike.
subplot (3,1,1);
plot (newt(hc;to), CPx (hc:to)); 
xlabel ('COPx');
subplot (3,1,2);
plot (newt(hc;to), toex, 'r', newt(hc;to), heelx, 'y'); 
xlabel ('x'); 
subplot (3,1,3);
plot (newt(hc:to), toey, 'r', newt(hc;to), heely, 'y');
xlabel (V);
pause;
foot = sqrt((abs(heelx( 1 )-toex( 1 ))'^2)+(abs(heely( 1 )-toey( 1 ))'^2));
if c == 1
strike = CPx(hc) - heelx(l); 
fsi = strike/foot; 
subplot (1,1,1); 
plot (newt (hc;to), Fx); 
pause;
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subplot (1,1,1);
plot (newt (hc:to), ncopy(hc:to)); 
pause;
end;
if c
strike = CPx(hc) - toex(l); 
fsi = (foot+strike)/foot; 
subplot (1,1,1); 
plot (Fx); 
pause;
end;
fsi
total(filenumber,:) = [s c t fsi];
clear CPx toex toey heelx heely newt fsi foot strike Fx;
end;
Subroutine: Run sal.m
%run sal.m 
%
%This program runs a series of commands that picks off certain variables out of 
%a GRF file recorded via Kistler Bioware.
%
%This program was created by modifying run.m to allow for additional channel 
information
%
%This program is called via Thesis l.m 
%
%Variables calculated are;
% Stance time
% Stance phase data saved per subject, condition, trial
% Fz; FI, Fmin, F2, Favg (and times to each variable from HC, in msec)
% Fy; breaking impulse, propulsion impulse
% Fr; peak impact resultant force
% theta; angle between right horizontal and Fr
clc
fprintf(l,'\n\nRunning run-walk routine.\n\n');
%Data are organized as;
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% time Fx Fy Fz
%First, identify where Fz is > cutoff force
%Then, search backwards for TO as Fz < cutoff force
%Take out that section and send data to *.grf
%Find FI, position, Fy and Fx at that position and export
%plot the data, and confirm that it is OK.
%identify window size to search (+/-...) 
searchwindow= 10;
stancetime = (TO-HC)/grffs; 
stancerows = TO-HC;
%-= —   _ _ _ _ _ _ _ _ _ _ ..................
%specify cutoff frequency for my filt program; type refers to filter 
%1 = low pass 
%2 = high pass 
%3 = band pass
% if 3, fc must be a 2 number array, defining the low and high cutoff Hz
fc = 100; 
type = 1;
% -
leg = my_filt(legacc,fc,grffs, type); 
head = my_filt(headacc,fc,grffs, type); 
Fr = (Fz.^2+Fx.^2).''^.5;
%adjust times such that HC is zero, 
to = (TO - HC)/grffs; 
he = 0;
tim einterval = 1/grffs; 
time = hcitime interval :to ;
%=
%for GRF analysis alongside SA, remove percentage signs from GRF functions
   .
%Plot Data 
subplot(2,l,l)
plot(time, Fz, 'g', time, Fr, 'r', time, Fx, V )  
legendCFz', Tr', 'Fy'); 
title('Fz, Fr and Fy'); 
xlabel('time(s)'); 
ylabel('Force (N)');
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hold off
subplot(2,l,2) 
plot(time, leg, 'g', time, head,'r') 
hold on
legend('leg', 'head')
plot(time, legacc, 'w', time, headacc, 'w'); 
hold off
pause
close(gcf);
%------------------------- Identification of Variables---------------------
%---------------------- Fz GRF-
%At some point, some code should be added in to handle FZ curves 
%that have only a single peak.
plot(time,Fz, 'g', time, Fr, 'r', time, Fx, 'w') 
title('Fz, Fr and Fx');
hold on
%find peaks
n = input('How many peaks? ');
if(n> l)
[FI, Flpos] = findpeak(Fz, searchwindow, grffs); 
plot(time(Flpos), Fz(Flpos), 'ro');
else
end
F 1=0; 
Flpos=l;
[F2, F2pos] = findpeak(Fz, searchwindow, grffs); 
plot(time(F2pos), Fz(F2pos), 'ro');
[Frpeak, Frpos] = findpeak(Fr, searchwindow, grffs); 
plot(time(Frpos), Fr(Frpos), 'bo');
Pause;
close(gcf);
%Calculate Loading Rate
%Calculate rate of increase of force from two specified force values. 
%lastforce = 0.5’*'BW + firstforce;
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%temp_t_first = find(Fz>firstforce);
%t_first = temp_t_first( 1 );
%firstF = Fz(tfirst);
%temp t last = find(Fz>lastforce);
%t_last = temp_t_last( 1 );
%make sure the last time is not after the impact peak 
% ifn>l
%if t_last>Flpos
%t_last=Flpos;
%end
%end
%lastF=Fz(t_last);
%lr = ((lastF-firstF)/BW)/((t_last-t_first)/fs);
%plot loading rate
%plot(time(t_first),firstF,'wo',time(t_last),lastF,'wo');
%calculate unloading rate 
%This Ir occurs after F2
%newfirstforce = firstforce + ,5*BW;
%lastforce = firstforce;
%temp_t_first = find(Fz(F2pos:length(Fz))<newfirstforce); 
%t_first=temp_t_first( 1 )+F2pos-1 ;
%firstF=Fz(t_first);
%temp_t_last = find(Fz(F2pos:length(Fz))<lastforce); 
%temp_t_last( 10)=0;
%t_last=temp_t_last( 1 )+F2pos-1 ;
%lastF=Fz(t_last);
%ulr = ((lastF-firstF)/BW)/((t_last-t_first)/fs);
%plot loading rate & uloading rate
%plot(time(t_first),firstF,'yo',time(t_last),lastF,'yo');
%hold off 
%pause
%Calculate acceleration peaks
plot(time, leg, 'g', time, head,'r')
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
hold on
fprintf(l,'\nClick on the leg, then head peaks');
[legpeak, Legpos] = findpeak(leg, searchwindow, grffs); 
plot(time(Legpos), leg(Legpos),'ro’);
[headpeak, Headpos] = findpeak(head, searchwindow, grffs); 
plot(time(Headpos), head(Headpos),'ro'); 
hold off
fprintf(l,'\nHit enter to continue.Vn'); 
pause
%calculate average Fz during stance 
Fzavg = mean(Fz);
%Calculate angle relative to right horizontal 
%check to see if Fy is positive for this calculation 
if (Fx(Frpos) > 0)
theta = atan(Fz(Frpos)/Fx(Frpos));
theta = theta * 57.3; %in degrees relative to right horizontal 
else
%Fy(Frlpos) is less then zero
theta = atan(Fz(Frpos)/abs(Fx(Frpos))); 
theta = 180-theta; 
end
time = time’;
%----------------------Save Stance Phase Data per S,C,T----------------------------------
%grfdata = [time leg head];
%output *.grf data
%these files will consist of stance data only for each trial 
%eval(['save ' grfout ' grfdata -ascii -double -tabs']);
%fclose('aH');
%---------------------- Save composite data---------------------------------------------
%adjust times so that HC =  0 at time(l) 
Flpos = Flpos-1;
F2pos =F2pos-l;
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Frpos = Frpos-1;
Legpos = Legpos-1;
Headpos= Headpos-1;
%adjust time variables to reflect sampling frequency 
%time values are in msec
Flpos =Flpos/grffs*1000;
F2pos =F2pos/grfFs*1000;
Frpos =Frpos/grffs*1000;
Legpos =Legpos/grfFs*1000;
Headpos = Headpos/grfFs*1000;
%save discrete variables
total(filenumber,:) = [s c t legpeak headpeak Legpos Headpos stancetime FI Flpos F2 
F2pos Frpos theta];
%total(fllenumber, : ) = [ s e t  stancetime FI Flpos F2 F2pos Ir ulr];
clear stancetime FI Flpos F2 F2pos Fz avg Frpeak Frpos theta legpeak Legpos headpeak 
Headpos Ir ulr;
clear lastforce t l a s t  t f l r s t  t e m p t f l r s t  t e m p t l a s t  firstF lastF n 
%Return control back to Thesis l.m
Subroutine: Sal.m
%Sal.m
%
%This program calculates shock attenuation
%
%This program was created by modifying run.m to allow for additional channel 
information
%
%This program is called via Thesis l.m 
clc
fprintf(l,'\n\nRunning run-walk routine.\n\n');
%Data are organized as;
% time Fx Fy Fz
%First, identify where Fz is > cutoff force
%Then, search backwards for TO as Fz < cutoff force
%Take out that section and send data to *.grf
%Find FI, position, Fy and Fx at that position and export
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%plot the data, and confirm that it is OK.
%identify window size to search (+/-...) 
search window= 10 ;
%function to find heel contact and toe off markers 
%plot(Fz)
[HC, TO] = findHCTO(Fz, Fzcutoff);
stancetime = (TO-HC)/fs; 
stancerows = TO-HC;
%=
%specify cutoff fi-equency for my filt program; type refers to filter 
%1 = low pass 
%2 = high pass 
%3 = band pass
% if 3, fc must be a 2 number array, defining the low and high cutoff Hz 
%also, specify fît parameters
fc = 500; 
type = 1;
%fR
n =1024; 
bin= 1;
%-------------------------------------------------------------------------
%assign variables
Fx = Fx. *(-1 ); %set breaking Fy as negative
Fr = (Fz.^2+Fx.^2).^.5; 
rawleg = legacc; 
rawhead= headacc;
leg = my_filt(rawleg,fc,fs, type); 
head = my_filt(rawhead,fc,fs, type);
%adjust times such that HC is zero, 
to = (TO - HC)/fs; 
he = 0;
timeinterval = 1/fs;
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time = hc:time_interval:to;
%assign data to run unlvfft.m
%[freq, amplitude] = unlvfft(data, fs, n, bin)
%leg fft
[f, Ipsd] = unlvfft(leg, fs, n, bin);
%head fft
[f, hpsd] = unlvfft(head, fs, n, bin);
%--------------
%calculate logorithmic SA
salog = ((logl0(hpsd./lpsd)).*10);
% = = = = = = = = = = = = — — = =
o/o ---- let's do some archaic calculations=
%lpsdlO = sum(lpsd(l;10));
%lpsd20 = sum(lpsd( 11:20));
%lpsdlOO = sum(lpsd(21:100));
%lpsd500 = sum(lpsd(101:500));
%hpsdlO = sum(hpsd(l:10));
%hpsd20 = sum(hpsd(l 1:20));
%hpsdl 00 = sum(hpsd(21:100)); 
%sa=((loglO(hpsd(l l:20)/lpsd(l 1:20)))’*‘10); 
salog = ((log 10(hpsd./lpsd)). * 10);
%sa20=((logl0(hpsd(l l:20)/lpsd(l 1:20)))*10); 
%sa30=((logl0(hpsd(l l:30)/lpsd(l 1:30)))*10) 
%sa50=((logl0(hpsd(l l:50yipsd(l 1:50)))*10); 
%salOO=((loglO(hpsd(l l:100)/lpsd(l 1:100)))*10);
%plot data
if c<=3 
subplot(2,l,l) 
plot (lpsd( 1:100))
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drawnow
subplot (2,1,2)
%plot(f(l:100),lpsd(l:100))
plot (hpsd(l:100))
drawnow
hold on
else
subplot (2,1,1) 
plot(head) 
drawnow 
subplot (2,1,2)
plot (f(l: 100), lpsd(l:100), 'r')
drawnow,
hold on
end
pause
%headpsd = mean (hpsd (11:20));
sa20 = mean(salog(l 1:20)); 
sa30 = mean(salog(l 1:30)); 
sa50 = mean(salog(ll:50ÿ; 
sa 100 = mean(salog(l 1:100));
%
total(filenumber,:) = [s c t sa20 sa30 sa50 sa 100];
%clear stancetime If Ipsd hpsd FI Flpos F2 F2pos Fz avg Frpeak Frpos theta legpeak 
Legpos headpeak Headpos Ir ulr;
%clear lastforce t last t first temp t flrst temp t last firstF lastF;
%Retum control back to Thesis l.m
Subroutine: id.m 
%id.m
%this program calculates joint moments, powers, and energy absorbed 
%using inverse dynamics and Dempster's anthropometric model. All 
%commented parameters below will be provided using Thesis 1 m call 
%function and Synchl.m subroutine.
clc
mass= weight(s);
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start=l;
%time=data(:,2); %define the columns of data
%hipx=data(:,3);
%hipy=data(:,4);
%kneex=data(;,5);
%kneey=data(:,6);
%anklex=data(:,7);
%ankley=data(:,8);
%toex=data(:,9);
%toey=data(:,10);
%Fx=data(:,ll);
%Fy=data(:,12);
%CPx=data(:,13);
subpiot(2,l,l) 
plot(Fy/(mass*9.81 )); 
title('Vertical GRF’)
subplot(2,l,2)
plot(hipy)
title('Hip vertical position') 
pause
%%%% Center of Mass calculations %%%%
thighCMx=hipx-((hipx-lcneex)*0.433);
thighCMy=hipy-((hipy-kneey)*0.433);
legCMx=kneex-((kneex-anklex)*0.433);
legCMy=kneey-((kneey-ankley)*0.433);
footCMx=anklex-((anklex-toex)*0.50);
footCMy=ankley-((ankley-toey)*0.50);
%%%% Segement accelerations %%%%
% the first and last data point for each calculation is lost 
% and must be accounted for prior to data partitioning! ! !
for r=l :(length(Fy)-2);
thighx =((thighCMx(r+2))-(2*(thighCMx(r+1 )))+(thighCMx(r)))/(0.005^2); 
thighy =((thighCMy(r+2))-(2*(thighCMy(r+1 )))+(thighCMy(r)))/(0.005^2); 
legx =(0egCMx(r+2))-(2*(legCMx(r+l)))+(legCMx(r)))/(0.005^2); 
legy =(0egCMy(r+2))-(2*(legCMy(r+l)))+(legCMy(r)))/(0.005'"'2); 
footx =((footCMx(r+2))-(2*(footCMx(r+1 )))+(footCMx(r)))/(0.005'^2);
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footy =((footCMy(r+2))-(2*(footCMy(r+1 )))+(fbotCMy(r)))/(0.005^2 ) ;
thigh =[thigh, thighx]; 
thigh2 =[thigh2, thighy]; 
leg =[leg, legx]; 
leg2 =[leg2, legy];
foot =[foot, footx];
foot2 =[foot2, footy];
thighax=thigh’; 
thighay=thigh2'; 
legax =leg’; 
legay =leg2'; 
footax =foof; 
footay =foot2';
end
%%%% Calculate segment angles %%%%
torsox =(hatx-hipx); 
torsoy =(haty-hipy); 
thighx =(hipx-kneex); 
thighy =(hipy-kneey); 
legx =(kneex-anklex); 
legy =(kneey-ankley); 
footx =(anklex-toex); 
footy =(ankley-toey);
torsoang = atan2(torsoy,torsox); 
thighang = atan2(thighy,thighx); 
legahg = atan2(legy,legx); 
footang = atan2(footy,footx);
hipang = (thighang-torsoang); 
kneeang = (thighang-legang); 
ankleang = (footang-legang);
%%%% Calculate angular accelerations %%%% 
for r=l :(length(Fy)-2);
thighaa=((thighang(r+2))-(2*(thighang(r+l)))+(thighang(r)))/(0.005'^2); 
legaa =((legang(r+2))-(2*(legang(r+l)))+(legang(r)))/(0.005^2);
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footaa =((footang(r+2))-(2*(footang(r+1 )))+(footang(r)))/(0.005^2);
thighaaa =[thighaaa, thighaa];
legaaa =[legaaa, legaa];
footaaa =[footaaa, footaa];
thighanga =thighaaa';
leganga =legaaa';
footanga =footaaa';
end
%%%% Reaction Forces at the Ankle %%%%
Fx =Fx(l:length(footax)); % make length of Fx equal to length of
footax
Fy =Fy( 1 :length(footay)); % make length of Fy equal to length of
footay
RFaxl =(((mass*0.0145)*footax)-Fx);
RFay 1 =(((mass*0.0145)*(footay+9.81 ))-Fy);
for i=l :length(RFaxl);
RFaxl sqrd( : ,i)=RFax 1 (i)^2;
RFayl sqrd(;,i)=RFayl (i)'^2;
end
for j= l :length(RFaxlsqrd)
RFresa(; j  )=sqrt(RFax 1 sqrd(j )+RFay 1 sqrd(j ));
end
RFres=RFresa';
%%%% Moment about the ankle joint %%%%
footCMy =footCMy(l ;length(footanga));
footCMx =footCMx(l;length(footanga));
CPx =CPx(l;length(footanga)); 
anklex =anklex(l;length(footanga)); 
ankley =ankley(l:length(footanga));
for i=l :length(footanga)
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footsegmentmass(:,i)=(mass*0.0145*footanga(i));
GRFx(:,iHfootCMy(i)*Fx(i));
GRFy(;,i)=((CPx(i)-footCMx(i))*Fy(i));
RFay(;,i)=((footCMx(i)-anklex(i))*RFayl(i));
RFax(: ,i)=((footCMy(i)-ankley(i))*RFaxl (i));
end
Ma 1 =(footsegmentmass)-(GRFx)-(GRFy)+(RFay)-(RFax);
%%%% Equal and opposite RFs and Moments %%%%
RFax2 =(RFaxl *(-!));
RFay2 =(RFayl*(-l));
Ma2 =(Mal*(-l));
%%%% Reaction Forces at the Knee %%%%
RFkxl =(((mass*0.0465)*legax)-RFax2);
RFkyl =(((mass*0.0465)*(legay+9.81))-RFay2);
for i=l:length(RFkxl);
RFkx 1 sqrd( : ,i)=RFkx 1 (i)^2 ;
RFky 1 sqrd( : ,i)=RFky 1 (i)'^2 ;
end
for j= l :length(RFaxl sqrd)
RF resk( ; ,j )=sqrt(RFkx 1 sqrd(j )+RFky 1 sqrd(j )) ; 
end
RFresk=RFresk';
%%%% Moment about the Knee Joint %%%%
kneex =kneex( 1 ; I ength(RFky 1 )) ; 
kneey =kneey(l:length(RFayl)); 
legCMx =legCMx(l:length(RFayl));
legCMy =legCMy( 1 :length(RFay 1 ));
for i=1 : length(RFay 1 );
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legsegmentmass(;,i)=(mass*0.0465*leganga(i));
RFay(:,i)=(RFay2(i))*(anklex(i)-legCMx(i));
RFax(;,i)=(RFa^(i))*(legCMy(i)-ankley(i));
RFky( ;,i)=(RFky 1 (i))*(kneex(i)-legCMx(i)); 
RPkx(:,i)=(RFkxlO))*OegCMy(i)-kneey(i));
end
Mk 1 =(legsegmentmass)-(Ma2)-(RFay)-(RFax)-(RFky)-(RPkx);
%%%% Equal and opposite RFs and Moments %%%%
RFkx2 =(RFkxl*(-l));
RFky2 =(RFkyl*(-l));
Mk2 =(Mkl *(-!));
%%%% Reaction Forces at the Hip %%%%
RFhxl =(((mass*0.1)*thighax)-RFkx2);
RFhyl =(((mass*0. l)*(thighay+9.81))-RFky2);
for i=l:length(RFkx2);
RFhx 1 sqrd(: ,i)=RFhxl (i)^2 ;
RFhy 1 sqrd( :,i)=RFhy 1 (i)'^2;
end
for j= l ;length(RFaxlsqrd)
RFresh(; j  )=sqrt(RFhx 1 sqrd(j )+RFhy 1 sqrd(j )); 
end
RFresh=RFresh';
%%%% Moments about the Hip Joint %%%%
hipx =hipx( 1 ;length(RFhy 1 ));
hipy =hipy(l;length(RFhyl));
thighCMx =thighCMx( 1 ;length(RFhy 1 ));
thighCMy =thighCMy(l;length(RFhyl));
for i=l:length(RFhyl);
thighsegmentmass(;,i)=(mass*0.1 *thighanga(i));
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RFky(:,i)=(RFky2(i))*(kneex(i)-thighCMx(i));
RFkx(:,i)=(RFk^(i))*(thighCMy(i)-kneey(i));
RFhy(:,i)=(RFhyl(i))*(hipx(i)-thighCMx(i));
RFhx(:,i)=(RFhxl(i))*(thighCMy(i)-hipy(i));
end
Mh 1 =(thighsegmentmass)-(Mk2)-(RFky)-(RFkx)-(RFhy)-(RFhx);
Mhl=Mhl';
Mkl=Mkl';
Mal=Mal';
subplot(3,l,l) 
plot(Mal/mass,'r') 
titleOankle moment')
subplot(3,l,2) 
plot (Mkl/mass,'w') 
title('knee moment')
subplot(3,l,3) 
plot (Mhl/mass,'y') 
title('hip moment') 
pause
%%%% Calculate joint powers %%%%
%create a time column to determine angular velocity the same size as thighang matrix
% segemental angles (radians) divided by time frame = rad/s 
% we will lose one data point on the end of the trial since it is 
% change in position (d2-dl) divided by time
%for r=l ;(length(thighang)-l)
for r=l :(length(hipang)-l)
% thighangvelo =((thighang(r+l))-(thighang(r)))./0.005;
hipangvelo =((hipang(r+l)>(hipang(r)))./0.005;
% legangvelo =((legang(r+l))-(legang(r)))./0.005;
kneeangvelo =((kneeang(r+1 ))-(kneeang(r)))./0.005 ;
% footangvelo =((footang(r+l))-(footang(r)))./0.005;
ankleangvelo =((ankleang(r+1 ))-(ankleang(r)))./0.005;
% thighangvel =[thighangvel, thighangvelo];
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hipangvel =[hipangvel, hipangvelo];
% legangvel =[legangvel, legangvelo];
kneeangvel =[kneeangvel, kneeangvelo];
% footangvel =[footangvel, footangvelo];
ankleangvel =[ankleangvel, ankleangvelo];
end
%thighangvel =thighangvel';
hipangvel = hipangvel';
%legangvel =legangvel';
kneeangvel = kneeangvel';
%footangvel =footangvel';
ankleangvel = ankleangvel';
% correct for differences in the size of the matrices
%thighangvel =thighangvel( 1 :length(Mhl ));
hipangvel = hipangvel(l:length(Mhl)); 
%legangvel =legangvel( 1 :length(Mk 1 ));
kneeangvel = kneeangvel( 1 :length(Mkl )); 
%footangvel =footangvel(l :length(Mal));
ankleangvel = ankleangvel(l:length(Mal));
% Power(W) = M * w
%hippower =(Mhl.*thighangvel);
hippower = (Mhl.*hipangvel);
%kneepower =(Mkl ."‘(legangvel-thighangvel));
kneepower = (Mk 1. "^kneeangvel);
%anklepower =(Mal ,*(footangvel-legangvel));
anklepower = (Mal.*ankleangvel);
subplot(3,l,l) 
plot(anklepower/mass,'r') 
title('Ankle power')
subplot(3,l,2)
plot (kneepower/mass,'w')
title('Knee power')
subplot(3,l,3) 
plot (hippower/mass,'y') 
title('Hip power') 
pause
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subplot( 1,1,1)
headacc = headacc(l:length(time)); 
legacc = legacc(l:length(time)); 
plot (time, headacc, 'y') 
hold on;
plot (time, legacc, 'r') 
hold on;
[headpeak, Headpos] = findpeak(headacc, searchwindow, fs);
plot(time(Headpos), headacc(Headpos),'ro'); 
hold off;
Headpos = Headpos*2;
Ea = (sum(anklepower(l:Headpos)))*(Headpos*.005)
Ek = (sum(kneepower(l:Headpos)))*(Headpos*.005)
Eh = (sum(hippower(l:Headpos)))*(Headpos*.005)
Ta = (mean(Mal ( 1 Headpos)))
Tk = (mean(Mkl(l Headpos)))
Th = (mean(Mhl(l Headpos)))
Ja = (mean(ankleangvel(l Headpos)));
Jk = (mean(kneeangvel(l Headpos)));
Jh = (mean(hipangvel(l Headpos)));
pause;
%%%%Save Variables%%%%
total(filenumber,:) = [Ea Ek Eh Ta Ja Tk Jk Th Jh];
%%%% End Program %%%%
clear GRFx GRFy HC Mai Ma2 Mhl Mkl Mk2 RFax RFaxl RFaxl sqrd;
clear RFax2 RFay RFayl RFayl sqrd RFay2 RFhx RFhxl RFhxl sqrd ^ h y  RFhyl ;
clear RFhyl sqrd RFkx RFkxl R F ^ lsq rd  RFkx2 RFky RFkyl RFkyl sqrd RFky 2;
clear RFres RFresa RFresh RFresk TO ankleang ankleangvel ankleangvelo;
clear anklepower anklex ankley ans copx copy data ex foot foot2 footCMx;
clear footCMy footaa footaaa footang footanga footax footay footsegmentmass;
clear footx footy fpx fpy fx fy fz grfdata grft hatx haty he;
clear heelx heely hipang hipangvel hipangvelo hippower hipx hipy;
clear inx kneeang kneeangvel kneeangvelo kneepower kneex kneey leg leg2 legCMx;
clear legCMy legaa legaaa legang leganga legax legay legsegmentmass;
clear legx legy lite mass metx mety nFx nFy ncopy newt nheadacc nlegacc;
clear photostart photostop ratio sqwave syn synch synchx synchy thigh thigh2;
clear thighCMx thighCMy thighaa thighaaa thighang thighanga thighax thighay;
clear thighsegmentmass thighx thighy to toex toey torsoang torsox torsoy why;
end
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fprintf(l,'\nDone processing id.m\n');
Subroutine: unlvfft.m
%Function unlvfft.m
%
%[freq, amplitude] = unlvfft(data, fs, n, bin)
%
%This function reads in a data set (1 column, inf rows) and transforms 
%the data into the frequecy domain.
%
%freq = frequency bins
%amp = amplitude for each frequency
%data = data set (1 column, inf rows)
%fs = sample rate
%n = number of points to process. Typically set to 1024.
%bin = the bin size for frequency. Typically set to 1 Hz (actual bin size is fs/n)
%
%The function transforms the data to the frequency domain by calling the
%PSD function. The mean and linear trends are removed in the transformation process.
%
%The power is adjusted to account for the padded zeros (as per Shorten and Winslow, 
1992).
%
%The data are interpolated so that each frequency bin is a specified frequency (e.g., 1 
Hz).
%
function [ffeq, amplitude] = unlvfft(data, fs, n, bin)
%data = data set to be transformed to frequency domain 
%fs = sample rate
%n = number of points to pad data set (typically 1024 total points)
%bin = frequency bins (typically 1 Hz)
%identify length of original data
datalength =  length(data);
%remove mean
newdata = data - mean(data);
%pad data with zeros
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newdata(n) = 0;
%calculate Fast Fourier Transformation 
%use square window and remove linear trend
[datapower, f] = psd(newdata, n, fs, boxcar(n),'linear');
%because zeros are padded to the data, the power needs to 
%be adjusted as per Shorten & Winslow and Derrick et al.
datapower = (datapower.*(n/datalength)).*(fs/n);
%interpolate to desired frequency bin size
percent = 0:bin:(fs/2-l);
d a ta in t = interpl(f, datapower, percent);
%assign variables
ffeq = percent;
amplitude = dataint;
Subroutine: mv fonen.m 
%function; my fopen
%this function will run the commonly used commands to open a file.
%
%called as:
% data = my_fopen(directory, filename, columns, rows, headers)
%
%where
% directory = location of file
% filename = name of file with extension
% columns = number of columns
% rows = number of rows
% headers = number of headers to get rid of
function tempdata = my_fopen(my_dir, file name, columns, rows, headers);
%my_dir = data directory
%file name = filename with extension
%columns = number of columns 
%headers = number of headers to discard
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%set up commands for eval function 
%change to working directory 
eval(['cd ’ m yd ir
%open the file
%create substrings 
c = 'fid=fopen('";
d =  "V'rf’);';
%create filename
file name = [c, file name, d];
%open peak input file
eval(filename);
%check to see if the open was successful 
if fid =  -l
clc
message = [The filename ' file name ' does not exist in directory ' my dir];
error(message);
fprintf(l,'\n\n');
end
%get rid of headers
for h =  1: headers 
fgets(fid);
end
%read in data
A = fscanf(fid, '%f, [columns rows]); 
tempdata = A;
%close files
fclose('all');
Subroutine: mv save.m
%Function; my_save(directory, filename, data, precision)
%
%This function will save data to a specified file with a specified precision
%
function my_save(directory, filename, data, precision)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
103
%initialize variable 
a llco lum ninfo  = [];
%change directory 
temp = pwd; 
eval(['cd ' directory]);
%open the file to write to
fid=fopen(filename, 'w');
%make quote notation
%check the size of the data array
[rows columns] = size(data);
%Create the necessary write commands
column_precision = int2str(precision); 
colum ninfo = ['%5.' column_precision T];
for i = 1 : columns
all column info = [column info ' ' all column info] ;
end
%transpose the output data array because the print command writes 
%column 1, then column 2,... 
data=data';
%create command line
print command = ['fprintf(fid,' q all column info "\n' q data);'];
%save data
eval([print_command]);
%close file
fclose(fid);
%change back to original directory 
eval(['cd ' temp]);
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Condition Trial
Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 4,44 1.50 -13.14 -8.47 -8.87 -9.46 0.80 -7.47
2 4.15 1.25 -13.41 -8.66 -7.20 -7.90 0.84 -7.15
3 3.88 1.21 -12.86 -9.71 -6.64 -6.26 0.78 -7.40
4 4.67 1.22 -11.96 -10.85 -8.18 -5.76 1.02 -5.68
5 4,08 1.57 -12.65 -6.90 -8.17 -8.23 0.67 -4.94
6 4.31 1.05 -13.73 -10.40 -7.35 -6.91 0.79 -4.97
7 4.38 0.82 -14.03 -10.80 -7.30 -6.55 0.43 -4.91
8 4.15 1.01 -13.77 -9.37 -7.92 -6.40 0.71 -6.36
Forefoot-Strike 1 4.39 1.02 -5.92 -9.07 -11.01 -10.65 -7.00 -4.62
2 5.57 1.05 -7.76 -10.29 -13.69 -10.92 -5.29 -3.94
3 5.73 1.02 -9.28 -10.89 -13.48 -11.88 -5.50 -3.92
4 3.60 0.91 -5.60 -7.08 -10.32 -11.60 -6.14 -2.89
5 5.93 1.02 -9.48 -1078 -13.34 -10.91 -6.38 -5.49
6 5.83 1.30 -6.06 -9.32 -12.98 -10.81 -9.02 -5.78
7 4.46 0.90 -7.04 -8.96 -10.03 -10.01 -5.89 -2.98
8 5.42 1.01 -5.63 -7.52 -11.12 -10.44 -8.97 -5.82
Spring-Boot 1 3.10 1.00 -2.78 -3.93 -6.21 -11.18 0.61 -9.26
2 2.90 1.22 -0.54 -3.60 -5.20 -11.29 -0.75 -8.38
3 2.97 1.46 0.38 -2.75 -3.80 -8.53 -0.55 -12.23
4 3.16 1.15 -4.24 -6.44 -10.32 -15.28 -1.06 -9.37
5 2.98 0.66 -6.41 -7.89 -11.69 -15.23 -1.34 -839
6 3.31 1.00 -3.23 -7.24 -11.49 -16.02 -0.92 -6.15
7 3.37 0.82 -3.50 -6.73 -10.47 -14.93 -1.28 -5.62
8 3.16 1.08 -1.62 -3.47 -6.18 -12.82 -1.44 -9.78
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Reduced Data: Participant 2
Condition Trial
Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (I kg"')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 4.42 1.09 -12.59 -12.02 -10.01 -9.39 1.33 -10.17
2 6.78 1.43 -12.54 -12.58 -13.10 -12.09 2.88 -12.26
3 5.10 1.33 -13.15 -13.71 -10.54 -10.34 3.05 -9.33
4 4.29 1.39 -12.42 -11.33 -7.15 -6.67 1.77 -7.90
5 4.45 1.14 -12.02 -11 96 -8.19 -8.63 1.28 -7.77
6 5.83 1.53 -11.92 -11 99 -11.31 -9.83 1.52 -9.02
7 4.46 1.18 -12.87 -12.37 -9.41 -7.51 2.24 -12.07
8 6.38 1.34 -12.46 -13 98 -12.03 -9.82 1.87 -8.77
Forefoot-Strike 1 9.79 1.40 -11.74 -12.29 -12.88 -16.14 -25.99 -12.29
2 8.28 1.45 -12.82 -13.59 -10.95 -11.99 -21.99 -8.34
3 5.72 0.62 -7.62 -10.30 -13.25 -12.73 -18.50 -2.36
4 5.06 1.19 -13.05 -11.91 -13.73 -13.85 -6.09 -4.70
5 7.45 1.25 -12.26 -1267 -13.24 -14.53 -29.47 -11.41
6 6.98 1.48 -9.61 -12.53 -11.49 -12.90 -27.63 -13.97
7 6.44 0.77 -8.99 -11 28 -13.13 -14.80 -28.56 -10.18
8 8.73 1.57 -10.62 -14.70 -13.02 -12.00 -20.83 -12.79
Spring-Boot 1 6.48 0.95 -0.21 -4.48 -12.36 -19.43 0.18 -10.24
2 7.45 1.02 -4.94 -4.76 -12.16 -19.96 -0.34 -10.85
3 6.38 0.68 -2.59 -5.99 -13.04 -18.68 -0.42 -12.31
4 4.47 0.25 -3.61 -4.87 -11.45 -15.36 2.60 -6.44
5 7.41 1.04 -2.48 -5.89 -13.61 -20.78 -0.17 -8.79
6 7.44 0.74 -4.92 -6.91 -14.63 -23.04 0.58 -10.82
7 5.38 0.91 -2.67 -5.97 -12.97 -18.64 0.42 -9.16
8 7.04 0.50 -4.36 -6.55 -14.08 -21.99 0.60 -9.77 o
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 4.01 2.58 -4.38 -2.56 -8.04 -8.41 1.08 -9.05
2 4.92 2.86 -3.63 -1.00 -7.02 -10.64 0.87 -10.23
3 4.58 3.89 -4.68 -4.00 -7.90 -13.28 -0.60 -5.58
4 4.70 3.27 -4.50 -4.34 -10.50 -14.62 0.66 -9.27
5 4.33 2.72 -4.30 -3.04 -9.04 -10.94 2.61 -12.28
6 4.48 3.10 -5.12 -5.50 -9.46 -10.73 1.56 -8.93
7 4.75 2.85 -5.78 -2.71 -7.42 -10.43 0.56 -4.15
8 4.56 3.31 -4.96 -3.38 -6.05 -8.23 -1.23 -4.42
Forefoot-Strike 1 5.98 1.91 -1.10 -1.15 -4.62 -10.86 3.53 8.76
2 5.26 1.60 -2.39 -2.58 -5.31 -11.82 -8.88 -3.41
3 5.77 1.48 -0.04 -2.30 -8.26 -12.12 -3.36 -11.44
4 6.35 1.39 -0.98 -3.72 -9.92 -13.80 2.65 -2.77
5 5.32 1.29 -1.25 -2.51 -6.50 -11.66 2.28 -8.65
6 6.68 1.65 -2.79 -3.19 -7.58 -13.66 4.53 45.40
7 6.82 1.76 1.04 -2.79 -9.87 -12.66 -11.41 -2.06
8 5.94 1.41 -1.26 -4.10 -9.49 -11.96 -9.12 -7.57
Spring-Boot 1 6.10 1.58 2.35 -4.73 -13.14 -19.14 0.00 -15.61
2 4.67 1.21 -0.84 -7.27 -14.74 -19.83 0.30 -9.99
3 6.07 1.26 5.25 -2.22 -10.09 -16.16 0.39 -9.18
4 5.55 0.63 2.15 -1.38 -8.49 -15.75 1.91 -15.46
5 4.80 1.54 -0.79 -6.32 -13.53 -17.89 -0.13 -12.63
6 5.11 1.25 1.12 -4.55 -10.51 -16.53 2.14 -12.96
7 7.40 1.76 6.68 -0.88 -10.65 -18.83 -0.12 -10.46
8 8.15 1.37 6.52 -2.91 -12.69 -21.32 1.35 -5.87 O-J
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 9.99 1.47 -13.10 -14.76 -12.14 -11.38 0.13 -0.33
2 8.47 1.55 -13.14 -13.77 -12.67 -11.20 -0.80 0.34
3 11.24 1.94 -13.47 -13.67 -13.89 -14.23 -0.40 -1.79
4 9.33 1.64 -13.06 -15.33 -11.92 -11.36 0.48 -2.95
5 12.12 1.61 -14.09 -16.07 -14.98 -15.54 -0.80 -2.92
6 11.28 2.07 -11.82 -13.58 -13.25 -11.72 1.03 5.40
7 12.27 2.06 -14.05 -14.46 -14.12 -14.14 0.57 -1.96
8 12.77 1.98 -14.46 -15.69 -15.43 -15.76 -0.91 -4.17
Forefoot-Strike 1 9.80 1.63 -13.27 -15.48 -14.50 -12.27 -293 11.54
2 9.22 1.94 -12.07 -13.47 -9.57 -9.77 -9.12 -3.02
3 6.84 1.63 -8.86 -11.47 -11.51 -10.84 -13.84 -1.89
4 4.63 1.31 -8.17 -9.76 -10.60 -8.21 -12.48 -1.48
5 6 36 1.24 -8.52 -11.44 -10.17 -9.44 -12.96 -0.66
6 5.70 1.69 -7.88 -8.64 -11.00 -10.66 -10.27 -2.08
7 8.08 1.96 -9.04 -11.80 -12.26 -12.54 -13.74 -1.52
8 5.22 1.52 -7.66 -9.83 -9.67 -8.23 -11.68 -3.66
Spring-Boot 1 8.98 1.22 -4.54 -9.03 -13.35 -17.95 0.41 -14.97
2 5.35 0.87 -5.02 -8.42 -13.72 -17.57 0.70 -11.98
3 4.79 1.41 -4.81 -10.32 -13.69 -19.80 -0.38 -8.24
4 5.35 1.20 -5.19 -10.75 -14.74 -19.74 -1.06 -4.23
5 5.05 0.99 -599 -10.72 -15.22 -20.94 -0.63 -12.78
6 5.56 1.25 -2.47 -8.65 -14.52 -20.46 -0.83 -14.41
7 4.04 0.91 -7.22 -11.70 -15.01 -19.79 -0.70 -8.44
8 5.74 1.26 -4.95 -11.41 -15.87 -21.01 0.49 -16.40 O00
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Condition Trial
Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg"')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 5.42 1.61 -10.87 -9.85 -8.72 -8.08 0.75 -7.64
2 3.72 1.42 -9.97 -10 11 -10.00 -9.99 1.10 -8.81
3 5.04 2.11 -8.20 -8.35 -7.09 -6.81 0.95 -9.97
4 4.64 1.60 -9.34 -9.87 -9.27 -7.88 0.32 -5.23
5 5.53 1.31 -12.13 -11.17 -9.61 -8.17 0.33 -6.35
6 4.49 1.38 -11.99 -10.90 -10.61 -9.93 0.86 -7.70
7 5.07 1.69 -10.80 -10.19 -8.38 -8.65 0.95 -8.27
8 6.44 1.77 -11.43 -11.07 -11.89 -10.14 1.08 -7.28
Forefoot-Strike 1 5.18 1.13 -9.37 -11.14 -11.28 -11.31 -11.06 0.47
2 4.28 1.07 -8.08 -8.20 -8.22 -9.49 -11.33 0.27
3 5.35 1.24 -10.03 -8.57 -8.52 -10.54 -12.46 -1.94
4 4.81 1.28 -11.39 -10.40 -6.49 -7.46 -11.20 -2.89
5 6.02 0.94 -13.31 -12.08 -7.68 -9.22 -12.80 -4.30
6 4.27 0.80 -7.29 -7.72 -8.99 -10.91 -8.45 2.19
7 4.64 0.98 -6.50 -9.67 -10.95 -9.59 -7.55 2.63
8 5.13 1.28 -9.49 -10.54 -6.83 -9.86 -10.50 -5.33
Spring-Boot 1 4.78 1.41 -3.04 -2.83 -6.48 -12.74 0.13 -4.91
2 5.32 1.63 -1.79 -2.70 -5.09 -11.73 -0.40 4.45
3 5.43 0.87 -3.42 -6.43 -10.22 -16.14 -0.45 9.10
4 6.10 1.18 -1.27 -5.40 -6.96 -13.76 -0.09 -4.00
5 5.53 1.22 0.80 -4.34 -10.21 -15.90 -0.51 -7.79
6 7.51 1.33 -0.75 -3.47 -8.65 -16.32 0.23 -4.93
7 5.94 1.01 0.51 -4.95 -11.83 -16.85 -0.44 -7.48
8 7.32 1.07 0.70 -2.71 -8.00 -15.52 0.07 -4.49
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 7.05 2.50 -20.82 -16.55 -12.71 -7.01 -0.19 -0.93
2 7.67 1.55 -15.20 -11.00 -8.00 -4.82 -0.95 0.44
3 7.01 1.86 -13.43 -9.36 -6.59 -3.43 -1.60 1.30
4 6.65 1.05 -11.89 -1268 -7.39 -0.67 0.37 -1.37
5 12.68 2.71 -18.64 -16.69 -9.97 -2.94 -1.18 3.33
6 8.05 2.33 -14.19 -14.90 -10.59 -5.08 0.96 -7.02
7 9.31 2.62 -15.19 -14.91 -9.44 -4.77 0.11 0.17
8 10.55 1.84 -13.81 -10.74 -5.64 -1.43 -0.04 2.95
Forefoot-Strike 1 11.91 1.39 -12.20 -15.01 -12.25 -8.15 -3.92 0.13
2 11.08 1.46 -13.94 -11.86 -9.93 -6.70 -11.61 2.60
3 9.34 1.28 -15.44 -12 10 -8.14 -4.09 -10.36 2.14
4 11.10 1.26 -14.33 -15.58 -11.85 -7.23 -12.71 0.98
5 11.25 0.99 -13.63 -14.50 -8 89 -5.34 -11.79 -0.08
6 9.50 1.46 -13.54 -13.50 -11.44 -6.30 -8.94 0.94
7 8.36 0.87 -16.40 -15.64 -9.36 -4.83 -5.56 2.04
8 8.85 1.02 -13.82 -13.97 -9.95 -5.11 -10.32 -0.56
Spring-Boot 1 11.58 1.58 -27.84 -25.83 -23.39 -16.68 0.35 -12.95
2 13.22 1.09 -31.27 -27.19 -24.60 -17.43 0.15 -11.48
3 9.47 1.01 -26.85 -23.00 -17.12 -10.95 0.17 -12.74
4 12.13 1.10 -27.86 -25.50 -22.70 -15.94 -0.19 -9.12
5 13.82 1.14 -29.31 -24.87 -20.81 -14.07 -0.31 -14.87
6 10.22 1.14 -24.43 -22.09 -21.89 -18.14 -0.20 -12.69
7 11.77 1.14 -25.32 -24.04 -18.88 -12.37 0.10 -13.61
8 13.09 0.99 -30.60 -28.09 -24.77 -18.84 0.12 -15.67
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Reduced Data: Participant 7
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 3.34 0.87 -4.00 -3.28 -3.15 -1.66 0.82 -6.80
2 4.85 0.86 -6.37 -5.01 -3.20 -1.04 0.65 -5.97
3 6.95 1.24 -11.01 -6.90 -4.44 -2.12 0.76 -6.78
4 5.81 1.40 -8.55 -6.48 -4.72 -2.57 1.17 -9.99
5 4.43 1.01 -8.18 -6.76 -4.12 -1.73 1.38 -6.72
6 5.45 1.37 -8.11 -4.55 -4.18 -2.37 0.86 -6.31
7 4.98 1.13 -14.35 -9 29 -4.56 -3.83 0.40 -5.93
8 662 1.60 -12.13 -7.75 -5.41 -2.60 1.02 -8.93
Forefoot-Strike 1 5.90 1.15 -20.37 -17.97 -14.89 -10.19 -6.45 -18.50
2 6.30 0.88 -15.97 -10.39 -7.59 -3.51 -10.89 -10.58
3 7.24 0.88 -10.93 -7.01 -6.94 -3.18 -8.52 -11.41
4 6.49 0.76 -4.72 -6.64 -4.73 -1.37 -13.85 -0.33
5 7.42 1.31 -14.32 -11.65 -7.11 -3.25 -10.10 -4.94
6 6.97 0.87 -9 65 -5.05 -6.52 -2.77 -12.60 -4.14
7 8.69 0.69 -11.18 -8.38 -6.70 -2.03 -9.35 -8.63
8 6.64 0.80 -12.81 -5.91 -6.36 -2.78 -10.80 -7.69
Spring-Boot 1 6.29 0.59 -20.88 -1969 -16.15 -12.61 0.19 -14.44
2 6.29 0.75 -21.90 -20.37 -18.78 -15.10 0.24 -10.71
3 3.60 0.24 -16.00 -15.79 -15.11 -11.01 -0.21 -16.20
4 7.35 0.70 -23.42 -21.69 -18.77 -15.17 -0.29 -9.66
5 3.33 0.34 -13.82 -14.83 -15.22 -11.73 -0.10 -16.36
6 5.33 0.57 -18.75 -16.44 -15.86 -12.44 0.13 -9.06
7 6.62 0.81 -23.03 -25.03 -20.62 -14.08 -0.65 -6.65
8 6.21 0.67 -25.46 -23.63 -20.36 -14.63 -0.38 -5.13
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Reduced Data: Participant 8
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 11.52 2.62 -11.66 -12.27 -16.42 -15.10 -0.17 -8.71
2 10.06 3.26 -10.73 -9.52 -11.30 -10.78 0.38 -6.37
3 13.08 2.66 -11.00 -11.60 -14.46 -17.89 -0.19 -2.20
4 11.36 2.74 -11.95 -12.01 -12.99 -13.51 0.47 -8.47
5 10.63 2.70 -10.60 -10.72 -12.77 -13.62 0.39 -8.12
6 13.14 3.04 -9.73 -10.20 -14.12 -16.76 0.37 -6.23
7 10.86 2.99 -11.18 -11.02 -12.08 -12.35 0.80 -7.68
8 13.49 2.41 -11.33 -13.54 -16.61 -16.10 0.86 -5.55
Forefoot-Strike 1 10.85 1.87 -10.05 -11.32 -15.58 -17.30 -11.49 -8.98
2 10.49 1.87 -8.72 -11.26 -16.11 -19.00 -10.07 -8.04
3 8.22 1.69 -10.37 -11.19 -14.37 -17.95 -10.42 -4.45
4 13.50 2.81 -10.02 -11.02 -16.41 -16.63 -8.66 -13.05
5 9.55 1.61 -9.42 -11.09 -15.49 -18.51 -9 99 -4.01
6 8.84 1.84 -7.02 -9.41 -15.12 -17.17 -9.24 -4.72
7 9.96 1.84 -8.45 -10 68 -14.85 -18.24 -10.11 -7.35
8 8.52 1.53 -8.04 -10.79 -14.98 -16.95 -7.77 -7.09
Spring-Boot 1 3.71 0.58 -6.08 -7.85 -12.13 -17.22 1.00 -13.98
2 5.49 1.09 -1.03 -3.72 -10.22 -18.89 0.32 -9.62
3 5.78 0.99 -4.42 -6.03 -11.14 -18.38 0.52 -12.39
4 6.53 1.27 3.97 -1.63 -9.83 -20.73 0.08 -5.11
5 4.30 0.92 -1.56 -4.13 -10.01 -15.17 0.77 -7.61
6 4.57 111 -3.07 -5.09 -10.42 -15.63 1.09 -14.56
7 4.11 0.80 -5.60 -7.17 -11.64 -17.26 0.66 -9.46
8 5.06 1.04 0.77 -4.19 -11.20 -19.35 0.42 -11.00 W
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Reduced Data: Participant 9
Condition Tnal
Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg ')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 3.15 0.97 -14.12 -7.84 -6.97 -7.12 0.60 -9.33
2 4.30 0.80 -12.84 -9.32 -11.91 -10.69 1.27 -9.74
3 5.05 1.05 -13.75 -8.66 -10.98 -9.58 0.53 -9.61
4 5.08 1.03 -12.40 -7.69 -7.54 -7.26 2.13 -15.20
5 5.33 0.74 -13.16 -10.25 -10.81 -8.86 2.00 -13.64
6 5.23 0.97 -12.43 -8.63 -10.45 -8.07 1.32 -11.41
7 4.47 111 -12.48 -6.47 -5.89 -6.64 1.02 -9.31
8 5.79 1.00 -14.40 -10.35 -10.62 -9.05 0.56 -8.32
Forefoot-Strike 1 6.13 1.32 -13.28 -9.86 -7.26 -9.93 -9.59 -11.72
2 7.43 1.06 -13.33 -12.37 -15.21 -14.00 -8.75 -10.72
3 8.37 1.75 -12.15 -11.57 -7.82 -12.70 -13.05 -9.78
4 7.60 1.36 -11.16 -11 98 -13.13 -13.30 -3.48 -11.66
5 6.18 1.38 -13.07 -10.44 -10.32 -10.31 -8.69 -11.67
6 5.80 1.25 -12.21 -9.03 -11.63 -11.41 -9.50 -6.98
7 9.17 1.11 -12.22 -11.49 -16.42 -14.87 -2.97 -7.63
8 7.81 1.32 -15.18 -13.26 -13.83 -13.68 -7.79 -9.57
Spring-Boot 1 9.04 0.83 -0.44 -7.07 -15.86 -23.54 0.78 -4.89
2 7.93 0.85 3.38 -4.85 -14.04 -21.29 0.49 -6.61
3 7.29 0.83 -0.38 -6.79 -14.65 -20.74 0.76 -7.67
4 7.68 0.93 3.26 -4.82 -13.89 -21.04 0.21 -7.00
5 7.49 0.98 3.71 -4.59 -13.65 -21.76 0.18 -4.72
6 7.19 0.86 0.85 -5.21 -13.71 -21.36 0.14 -5.55
7 8.87 1.02 -3.41 -8.01 -14.99 -22.56 0.23 -7.55
8 7.79 0.97 2.37 -6.01 -14.26 -21.20 -0.05 -7.72
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Reduced Data: Participant 10
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Impact Acceleration (g) Shock Attenuation (dB) Energy Absorption (J kg"')
Leg Head 11-20 Hz 11-30 Hz 11-50 Hz 11-100 Hz Ankle Knee
Heel-Strike 1 5.29 2.47 -12.01 -6.18 -6.28 -5.34 1.47 -8.47
2 3.80 2.33 -11.77 -6.86 -5.80 -6.12 1.09 -6.70
3 6.42 2.53 -13.92 -7.69 -8.29 -9.31 1.88 -6.57
4 5.43 3.06 -8.92 -5.46 -3.36 -6.11 1.54 -6.65
5 4.71 2.95 -7.39 -3.54 -3.92 -4.93 1.44 -5.67
6 4.84 1.87 -12.74 -7.48 -3.05 -5.84 1.29 -6.15
7 5.67 2.07 -14.82 -9.02 -7.88 -8.67 1.22 -5.54
8 5.40 2.51 -13.06 -6.27 -4.67 -11.05 1.07 -4.49
Forefoot-Strike 1 8.89 1.15 -7.00 -8.42 -11.83 -18.62 -13.09 -4.48
2 8.95 1.17 -8.40 -8.69 -12.38 -15.71 -9.02 -0.77
3 6.91 0.98 -10.97 -10.03 -7.68 -11.81 -12.69 -7.16
4 7.69 1.25 -6.22 -7.78 -12.14 -16.58 -5.53 -3.20
5 5.91 0.49 -9.60 -11.11 -13.83 -17.40 -3.33 -4.09
6 9.24 1.31 -10.57 -10.80 -12.62 -14.82 -9.65 -6.62
7 6.29 1.53 -9.97 -8.42 -9.30 -11.04 -9.97 -7.01
8 8.06 1.22 -10.09 -9.53 -12.66 -15.12 -11.90 -7.79
Spring-Boot 1 9.57 1.05 -4.22 -5.46 -13.24 -19.41 0.23 -4.04
2 10.26 1.46 -6.52 -6.46 -12.73 -22.17 0.11 -4.37
3 8.49 1.51 -1.43 -3.74 -11.90 -18.07 -0.36 -6.76
4 7.89 1.39 -1.19 -3.60 -12.45 -18.32 -0.07 -6.04
5 6.59 1.45 -2.73 -5.51 -10.56 -16.60 1.04 -7.41
6 6.94 1.90 -3.61 -3.71 -9.76 -19.74 -0.48 -4.15
7 6.80 1.07 -3.30 -5.19 -13.21 -21.09 -0.30 -4.42
8 6.90 1.81 -2.31 -2.16 -9.45 -17.77 -1.62 -11.01
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STATISTICAL RESULTS
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C/) Statistics: Leg Impact Acceleration
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( O '
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Within-Subjects Factors
Measure: MEASURE 1
SHOE
Dependent
Variable
1 LEG1
2 LEG2
3 LEG3
Descriptive Statistics
Mean Std. Deviation N
11 6.56810 2.79910 10
12 7.25492 1.75728 10
13 6.55261 2.33944 10
Multivariate Tests^
Effect Value F Hypothesis df Error df Sig. Eta Squared
Noncent.
Parameter
Observed
Pow ef
SHOE Pillai's Trace .350 2.154*’ 2.000 8.000 .179 .350 4.307 .318
Wilks' Lambda .650 2154b 2.000 8.000 .179 .350 4.307 .318
Hotelling's Trace .538 2 .154b 2.000 8.000 .179 .350 4.307 .318
Roy's Largest Root .538 2 .154b 2.000 8.000 .179 .350 4.307 .318
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE
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Estimates
Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 6.568 .885 4.566 8.570
2 7.255 .556 5.998 8.512
3 6.553 .740 4.879 8.226
Pairwise Comparisons
3
3 "
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a
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Measure: MEASURE 1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.:
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -.687 .661 .326 -2.181 .807
3 1.549E-02 1.100 .989 -2.473 2.504
2 1 .687 .661 .326 -.807 2.181
3 .702 .608 .278 -.674 2.078
3 1 -1.549E-02 1.100 .989 -2.504 2.473
2 -.702 .608 .278 -2.078 .674
Based on estimated marginal means
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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C/) Statistics: Head Impact Acceleration
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Within-Subjects Factors
Measure: MEASURE 1
( O '
3 " SHOE
Dependent
Variable
i 1 HEAD1
3
CD 2 HEAD2
3 HEADS
Descriptive Statistics
Mean Std. Deviation N
til 1.84501 .73378 10
h2 1.29819 .30013 10
h3 1.05549 .26026 10
Multivariate Tests^
Effect Value F Hypothesis df Error df Sig. Eta Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .665 7.934b 2.000 8.000 .013 .665 15.868 .839
Wilks' Lambda .335 7.934b 2.000 8.000 .013 .665 15.868 .839
Hotelling's Trace 1.984 7.934b 2.000 8.000 .013 .665 15.868 .839
Roy's Largest Root 1.984 7.934b 2.000 8.000 .013 .665 15.868 .839
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE
so
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Estimates
Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 1.845 .232 1.320 2.370
2 1.298 095 1.083 1.513
3 1.055 .082 .869 1.242
Pairwise Comparisons
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Measure: MEASURE 1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.:
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 .547* .188 .017 .122 .971
3 .790* .191 .003 .357 1.222
2 1 -.547* .188 .017 -.971 -.122
3 .243 .112 .058 -1.049E-02 .496
3 1 -.790* .191 .003 -1.222 -.357
2 -.243 .112 .058 -496 1.049E-02
Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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C/) Statistics: Shock Attenuation 11-20 Hz
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Within-Subjects Factors
Measure: MEASURE 1
SHOE
Dependent
Variable
1 SA20A
2 SA20B
3 SA20C
3
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Descriptive Statistics
Mean Std. Deviation N
sa20a -11.48789 2.96621 10
sa20b -9.54898 3.65592 10
sa20c -6.16792 9.91216 10
Multivariate Tests^
Effect Value F Hypothesis df Error df Sig. Eta Squared
Noncent.
Parameter
Observed
Power^
SHOE Pillai's Trace .410 2 .777k 2.000 8.000 .121 .410 5.554 .398
Wilks' Lambda .590 2 .777b 2.000 8.000 .121 .410 5.554 .398
Hotelling's Trace .694 2 .777b 2.000 8.000 .121 .410 5.554 .398
Roy's Largest Root .694 2 .777b 2.000 8.000 .121 .410 5.554 .398
a. Computed using alpha = .05
b. Exact statistic
c.
Design; Intercept
Within Subjects Design: SHOE
C D
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Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 -11.488 .938 -13.610 -9.366
2 -9.549 1.156 -12.164 -6.934
3 -6.168 3.135 -13.259 .923
Pairwise Comparisons
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Measure: MEASURE 1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.:
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -1.939* .795 .037 -3.738 -.140
3 -5.320 2.935 .103 -11.960 1.320
2 1 1.939* .795 .037 .140 3.738
3 -3.381 2.579 .222 -9.215 2.453
3 1 5.320 2.935 .103 -1.320 11.960
2 3.381 2.579 .222 -2.453 9.215
Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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Statistics: Shock Attenuation 
11-20 Hz, 11-30 Hz, 11-50 Hz, 11-100 Hz
Within-Subjects Factors
Measure: MEASURE 1
SHOE ANALYSIS
Dependent
Variable
1 1 SA20A
2 SA30A
3 SA50A
4 SA100A
2 1 SA20B
2 SA30B
3 SA50B
4 SA100B
3 1 SA20C
2 SA30C
3 SA50C
4 SA100C
Descriptive Statistics
Mean Std. Deviation N
sa20a -11.48789 2.96621 10
sa30a -9.62410 3.53465 10
saSOa -9.07548 3.05679 10
s a 100a -8.53543 3.79224 10
sa20b -9.54898 3.65592 10
sa30b -10.03017 2.98502 10
saSOb -10.88888 2.42192 10
s a 100b -11.18628 4.14210 10
sa20c -6.16792 9.91216 10
sa30c -8.90803 7.42535 10
saSOc -13.21302 4.14007 10
sal00c -17.31607 2.92391 10
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Multivariate Tests^
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Effect Value F
Hypothesis
df
Error
df
SHOE Pillai's Trace .161 .768^ 2.000 8.000
Wilks' Lambda .839 768b 2.000 8.000
Hotelling's Trace .192 768b 2.000 8.000
Roy's Largest Root .192 .768b 2.000 8.000
ANALYSIS Pillai's Trace .293 966b 3.000 7.000
Wilks' Lambda .707 966b 3.000 7.000
Hotelling's Trace .414 966b 3.000 7.000
Roy's Largest Root .414 966b 3.000 7.000
SHOE* Pillai's Trace .784 2.424b 6.000 4.000
ANALYSIS Wilks' Lambda .216 2.424b 6.000 4.000
Hotelling's Trace 3.636 2.424b 6.000 4.000
Roy's Largest Root 3.636 2.424b 6.000 4.000
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Multivariate Tests'*
Effect Sig.
Eta
Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .495 .161 1.535 .139
Wilks' Lambda .495 .161 1.535 .139
Hotelling's Trace .495 .161 1.535 .139
Roy's Largest Root .495 .161 1.535 .139
ANALYSIS Pillai's Trace .461 .293 2.897 .172
Wilks' Lambda .461 .293 2.897 .172
Hotelling's Trace .461 .293 2.897 .172
Roy's Largest Root .461 .293 2.897 .172
SHOE* Pillai's Trace .205 .784 14.543 .301
ANALYSIS Wilks' Lambda .205 .784 14.543 .301
Hotelling's Trace .205 .784 14.543 .301
Roy's Largest Root .205 .784 14,543 .301
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE+ANALYSIS+SHOE‘ANALYSIS
Estimates
Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 -9.681 .802 -11.496 -7.866
2 -10.414 .683 -11.959 -8.868
3 -11.401 1.586 -14.990 -7.812
Measure: MEASURE 1
Pairwise Comparisons
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.:
1 2 .733 .605 .256
3 1.721 1.838 .374
2 1 -.733 .605 .256
3 .968 1.699 .575
3 1 -1.721 1.838 .374
2 -.988 1.699 .575
Based on estimated marginal means
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Pairwise Comparisons
Measure; MEASURE 1
(1) SHOE (J) SHOE
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -.635 2.101
3 -2.437 5.878
2 1 -2.101 .635
3 -2.856 4.831
3 1 -5.878 2.437
2 -4.831 2.856
Based on estimated marginal means
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments).
Measure: MEASURE 1
Estimates
ANALYSIS Mean Std. Error
95% Confidence Interval
Lower Bound Upper Bound
1 -9.068 1.499 -12.460 -5.677
2 -9.521 1.188 -12.208 -6.833
3 -11.059 .603 -12.423 -9.695
4 -12.346 1.000 -14.607 -10.084
Pairwise Comparisons
Measure: MEASURE 1
(1) ANALYSIS (J) ANALYSIS
Mean
Difference
(l-J) Std. Error Sig.:
1 2 .453 .544 .427
3 1.991 1.322 .166
4 3.278 2.269 .183
2 1 -.453 .544 .427
3 1.538 .902 .122
4 2.825 1.874 .166
3 1 -1.991 1.322 .166
2 -1.538 .902 .122
4 1.287 1.004 .232
4 1 -3.278 2.269 .183
2 -2.825 1.874 .166
3 -1.287 1.004 .232
Based on estimated marginal means
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Pairwise Comparisons
Measure; MEASURE 1
(1) ANALYSIS (J) ANALYSIS
95% Confidence Interval for 
Difference*
Lower Bound Upper Bound
1 2 -.778 1.683
3 -1.000 4.982
4 -1.856 8.411
2 1 -1.683 .778
3 -.502 3.579
4 -1.415 7.065
3 1 -4.982 1.000
2 -3.579 .502
4 -.985 3.559
4 1 -8.411 1.856
2 -7.065 1.415
3 -3.559 .985
Based on estimated marginal means
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments).
3. SHOE * ANALYSIS
Measure: MEASURE 1
SHOE ANALYSIS Mean Std. Error
95% Confidence Interval
Lower Bound Upper Bound
1 1 -11.488 .938 -13.610 -9.366
2 -9.624 1.118 -12.153 -7.096
3 -9.075 .967 -11.262 -6.889
4 -8.535 1.199 -11.248 -5.823
2 1 -9.549 1.156 -12.164 -6.934
2 -10.030 .944 -12.166 -7.895
3 -10.889 .766 -12.621 -9.156
4 -11.186 1.310 -14.149 -8.223
3 1 -6.168 3.135 -13.259 .923
2 -8.908 2.348 -14.220 -3.596
3 -13.213 1.309 -16.175 -10.251
4 -17.316 .925 -19.408 -15.224
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Within-Subjects Factors
Measure: MEASURE 1
SHOE
Dependent
Variable
1 SA20A
2 SA20B
3 SA20C
3
3 "
CD
CD
■ D
OQ.
C
a
o3
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o
CDQ.
■ D
CD
C /)
C /)
Descriptive Statistics
Mean Std. Deviation N
sa20a -11.29933 2.87472 8
sa20b -8.60436 3.44768 8
sa20c -1.66741 2.55640 8
Multivariate Tests^
Effect Value F Hypottiesis df Error df Sig. Eta Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .975 116.945k 2.000 6.000 .000 .975 233.890 1.000
Wilks' Lambda .025 116.945b 2.000 6.000 .000 .975 233.890 1.000
Hotelling's Trace 38.982 116.945b 2.000 6.000 .000 .975 233.890 1.000
Roy's Largest Root 38.982 116.945b 2.000 6.000 .000 .975 233.890 1.000
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE
K)
00
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Estimates
Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 -11.299 1.016 -13.703 -8.896
2 -8.604 1.219 -11.487 -5.722
3 -1.667 .904 -3.805 .470
Pairwise Comparisons
3
3 "
CD
CD■D
OQ.C
a
o
3
■D
O
CDQ.
■D
CD
C /)
C /)
Measure: MEASURE 1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.:
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -2.695* .644 .004 -4.219 -1.171
3 -9.632* .743 .000 -11.389 -7.875
2 1 2.695* .644 .004 1.171 4.219
3 -6.937* 1.162 .001 -9.685 -4.188
3 1 9.632* .743 .000 7.875 11.389
2 6.937* 1.162 .001 4.188 9.685
Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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Statistics: Shock Attenuation 
11-20 Hz, 11-30 Hz, 11-50 Hz, 11-100 Hz 
Omitting Participants 6 and 7
Within-Subjects Factors
Measure: MEASURE 1
SHOE ANALYSIS
Dependent
Variable
1 1 SA20A
2 SA30A
3 SASOA
4 SA100A
2 1 SA20B
2 SA30B
3 SASOB
4 SA100B
3 1 SA20C
2 SA30C
3 SASOC
4 SA100C
Descriptive Statistics
Mean Std. Deviation N
sa20a -11.29933 2.87472 8
sa30a -9.57915 3.52817 8
saSOa -9.71737 2.85783 8
sa100a -9.91776 2.72100 8
sa20b -8.60436 3.44768 8
sa30b -9.64466 2.98266 8
saSOb -11.38184 2.37971 8
sa100b -12.78260 2.66620 8
sa20c -1.66741 2.55640 8
sa30c -5.53968 1.99499 8
saSOc -11.59390 2.41262 8
sa100c -18.03323 2.77573 8
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Effect Value F
Hypothesis
df Error df
SHOE Pillai's Trace .351 1.62lk 2.000 6.000
Wilks' Lambda .649 1.621b 2.000 6.000
Hotelling's Trace .540 1.621b 2.000 6.000
Roy's Largest Root .540 1.621b 2.000 6.000
ANALYSIS Pillai's Trace .884 12.702b 3.000 5.000
Wilks' Lambda .116 12.702b 3.000 5.000
Hotelling's Trace 7.621 12.702b 3.000 5.000
Roy's Largest Root 7.621 12.702b 3.000 5.000
SHOE* Pillai's Trace .971 10.992b 6.000 2.000
ANALYSIS Wilks' Lambda .029 10.992b 6.000 2.000
Hotelling's Trace 32.977 10.992b 6.000 2.000
Roy's Largest Root 32.977 10.992b 6.000 2.000
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Multivariate Tests'*
Effect Sig.
Eta
Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .274 .351 3.242 .225
Wilks' Lambda .274 .351 3.242 .225
Hotelling's Trace .274 .351 3.242 .225
Roy's Largest Root .274 .351 3.242 .225
ANALYSIS Pillai's Trace .009 .884 38.107 .938
Wilks' Lambda .009 .884 38.107 .938
Hotelling's Trace .009 .884 38.107 .938
Roy's Largest Root .009 .884 38.107 .938
SHOE* Pillai's Trace .086 .971 65.955 .457
ANALYSIS Wilks' Lambda .086 .971 65.955 .457
Hotelling's Trace .086 .971 65.955 .457
Roy's Largest Root ,086 .971 65.955 .457
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE+ANALYSIS+SHOE*ANALYSIS
Estimates
Measure: MEASURE 1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 -10.128 .824 -12.077 -8.180
2 -10.603 .806 -12.510 -8.696
3 -9.209 .635 -10.710 -7.707
Measure: MEASURE 1
Pairwise Comparisons
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.*
1 2 .475 .710 .525
3 -.920 .670 .212
2 1 -.475 .710 .525
3 -1.395 .742 .102
3 1 .920 .670 .212
2 1.395 .742 .102
Based on estimated marginal means
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Pairwise Comparisons
Measure: MEASURE 1
(1) SHOE (J) SHOE
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -1.204 2.154
3 -2.505 .665
2 1 -2.154 1.204
3 -3.150 .361
3 1 -.665 2.505
2 -.361 3.150
Based on estimated marginal means
a. Adjustment for multiple comparisons; Least Significant Difference (equivalent to no 
adjustments).
Estimates
Measure: MEASURE 1
ANALYSIS Mean Std. Error
95% Confidence Interval
Lower Bound Upper Bound
1 -7.190 .924 -9.376 -5.005
2 -8.254 .907 -10.400 -6.109
3 -10.898 .662 -12.462 -9.333
4 -13.578 .697 -15.226 -11.930
Pairwise Comparisons
Measure: MEASURE 1
(1) ANALYSIS (J) ANALYSIS
Mean
Difference
(l-J) Std. Error Sig.*
1 2 1.064 .453 .051
3 3.707* .829 .003
4 6.387* 1.131 .001
2 1 -1.064 .453 .051
3 2.643* .632 .004
4 5.323* 1.030 .001
3 1 -3.707* .829 .003
2 -2.643* .632 .004
4 2.680* .454 .001
4 1 -6.387* 1.131 .001
2 -5.323* 1.030 .001
3 -2.680* .454 .001
Based on estimated marginal means
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Pairwise Comparisons
Measure: MEASURE 1
(1) ANALYSIS (J) ANALYSIS
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 -6.825E-03 2.135
3 1.746 5.668
4 3.712 9.063
2 1 -2.135 6.825E-03
3 1.149 4.137
4 2.888 7.758
3 1 -5.668 -1.746
2 -4.137 -1.149
4 1.606 3.755
4 1 -9.063 -3.712
2 -7.758 -2.888
3 -3.755 -1.606
Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments).
4. SHOE * ANALYSIS
Measure: MEASURE 1
SHOE ANALYSIS Mean Std. Error
95% Confidence Interval
Lower Bound Upper Bound
1 1 -11.299 1.016 -13.703 -8.896
2 -9.579 1.247 -12.529 -6.630
3 -9.717 1.010 -12.107 -7.328
4 -9.918 .962 -12.193 -7.643
2 1 -8.604 1.219 -11.487 -5.722
2 -9.645 1.055 -12.138 -7.151
3 -11.382 .841 -13.371 -9.392
4 -12.783 .943 -15.012 -10.554
3 1 -1.667 .904 -3.805 .470
2 -5.540 .705 -7.208 -3.872
3 -11.594 .853 -13.611 -9.577
4 -18.033 .981 -20.354 -15.713
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W ithin-Subjects Factors
Measure: MEASURE 1
SHOE
Dependent
Variable
1 ANKLE1
2 ANKLE2
3 ANKLE3
Descriptive S tatistics
Mean Std. Deviation N
a1 .8435 .5613 10
a2 9.9989 5.0177 10
a3 -5.46E-02 .4748 10
Multivariate Tests^
Effect Value F
Hypottiesis
df Error df Sig. Eta Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .815 17.575” 2.000 8.000 .001 .815 35.150 .993
Wilks' Lambda .185 17.575” 2.000 8.000 .001 .815 35.150 993
Hotelling's Trace 4.394 17.575” 2.000 8.000 .001 .815 35.150 .993
Roy's Largest Root 4.394 17.575” 2.000 8.000 .001 .815 35.150 .993
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE
U )
CD
■ D
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Q .
C
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8
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Measure; MEASURE_1
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
1 .843 .177 .442 1.245
2 9.999 1.587 6.409 13.588
3 -5.463E-02 .150 -.394 .285
Pairwise Comparisons
3
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Measure: MEASURE_1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.*
95% Confidence Interval for 
Difference?
Lower Bound Lfpper Bound
1 2 -9.155* 1.493 .000 -12.532 -5.778
3 .898* .249 .006 .334 1.462
2 1 9.155* 1.493 .000 5.778 12.532
3 10.054* 1.604 .000 6.426 13.681
3 1 -.898* .249 .006 -1.462 -.334
2 -10.054* 1.604 .000 -13.681 -6.426
Based on estimated marginal means
*. The mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments).
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Within-Subjects Factors
Measure: MEASURE 1
SHOE
Dependent
Variable
1 KNEE1
2 KNEE2
3 KNEE3
Descriptive Statistics
Mean Std. Deviation N
k1 6.3552 3.3802 10
k2 4.9294 3.6642 10
k3 9.0771 3.1936 10
Muitivariété Tests®
Effect Value F
Hypothesis
df Error df Sig.
Eta
Squared
Noncent.
Parameter
Observed
Power*
SHOE Pillai's Trace .518 4.304” 2.000 8.000 .054 .518 8.609 .573
Wilks' Lambda .482 4.304” 2.000 8.000 .054 .518 8.609 .573
Hotelling's Trace 1.076 4.304” 2.000 8.000 .054 .518 8.609 .573
Roy's Largest Root 1.076 4.304” 2.000 8.000 .054 .518 8.609 .573
a. Computed using alpha = .05
b. Exact statistic
c.
Design: Intercept
Within Subjects Design: SHOE
U )
CD
■ D
O
Q .
C
8
Q .
■D
CD
C/)
C/) Estimates
Measure: MEASURE 1
8
( O '
95% Confidence Interval
SHOE Mean Std. Error Lower Bound Upper Bound
T 6.355 1.069 3.937 8.773
2 4.929 1.159 2.308 7.551
3 9.077 1.010 6.793 11.362
Pairyvise Comparisons
3
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Measure: MEASURE 1
(1) SHOE (J) SHOE
Mean
Difference
(l-J) Std. Error Sig.*
95% Confidence Interval for 
Difference?
Lower Bound Upper Bound
1 2 1.426 .835 .122 -.462 3.314
3 -2.722 1.795 .164 -6.782 1.338
2 1 -1.426 .835 .122 -3.314 .462
3 -4.148* 1.591 .028 -7.748 -.548
3 1 2.722 1.795 .164 -1.338 6.782
2 4.148* 1.591 .028 .548 7.748
Based on estimated marginal meanë
*. Thé mean difference is significant at the .05 level.
a. Adjustment for multiple comparisons: Least Significant Différence (equivalent to no adjustments).
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